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INTRODUCTION 


i • 


A central  problem  of  chemistry  is  the  problem  of  the  structure  of  chemical 
substances — that  is*  of  tho  number  and  nature  of  the  chemical  bonds  which  can 
form  between  various  kinds  of  atoms  in  molecules*  Prediction  of  the  properties* 
either  chemical  or  physical,  of  a given  substance  will  depend  upon  a knowledge 
of  its  structure*  Since  carbon  is  tho  element  of  central  interest  in  organic 
chemistry,  a complete  under standing  of  the  nature  of  the  bonds  which  can  form 
between  carbon  and  other  elements  is  of  great  importance  to  this  branch  of 
scionca* 

If  the  present  status  of  organic  chemistry  is  considered  from  the  above 
point  of  view,  it  is  seen  immediately  that  there  i3  one  area  in  which  both 
theoretical  and  experimental  knowledge  are  mostly  lacking*  There  is  relatively 
little  data,  and  still  less  understanding,  concerning  bonds  between  carbon  and 
the  transition  elements  (that  is,  elements  in  whose  atoms  there  ic  an  incomplete 
inner  electron  shell)*  In  the  hundreds  of  thousands  of  known  organic  compounds, 
there  occur  bonds  between  carbon  atoms  and  atoms  of  almost  all  non- transition 
elements*  Abundant  exoerimental  data  are  available  concerning  substances  in 
which  there  is,  for  example,  a carbon-lithium,  or  carbon-lead,  or  car  -on- chlorine 
bond*  Theoretical  descriptions  of  the  behavior  of  such  bonds  can  be  offered  in 
many  cases*  In  contrast,  only  a handful  of  the  known  organic  substances  contain 
a bond  between  a carbon  atom  and  an  atom  of  a transition  element*  Tho  principles 
which  govern  the  formation  of  such  bonds  have  not  been  put  on  any  theoretical 
basis,  und  the  experimental  data  are  30  limited  U3  to  offer  no  useful  basis  for 
even  empirical  general izatiens* 

It  is  because  of  the  challenge  offered  by  this  relatively  unknown  area  in 
the  chemistry  of  carbon  that  the  present  program  of  research  has  been  undertaken- 
The  original  proposal,  dated  February  5,  1952,  presented  the  problem  in  broad 
terms,  essentially  as  outlined  above.  The  research  contract  subsequently  offered, 
and  accepted  by  the  University  of  North  Dakota*  was  written  by  tho  Office  of 


Nrvel  It  v rch  In  tho  sumo  spirit  cs  our  proposal,  Pnd  specifies  simply  thc.t  the 
University  "shall  conduct  research  on  the  reactions  of  active  organometallic  com- 
prunds  with  transition  metals  or  their  inorganic  compounds,  whethor  or  not  i soluble 
organom jtellic  products  result".  Such  a broad  specification  allows  the  contractor 
much  frc:don  in  the  research  program.  This  fact  is  very  much  appreciated,  since  it 
indies tes  that  the  Office  of  Naval  Research  regards  the  project  as  properly  one  of 
long-range  or  "fundamental 11  investigation,  and  it  is  in  this  spirit  that  we  have 
undertaken  the  work.  From  tho  beginning  of  the  research,  however,  it  has  been 
kept  in  mind  that  such  a contract  leaves  to  the  principal  investigator  the  duty  of 
avoiding  aimless  experimentation  or  scattered  experiments  carried  out  with  no  w.'ll- 
iefinod  objective.  Every  offort  has  boon  made  to  ko^p  tho  program  directed  steadily 
toward  tho  development  of  useful  basic  experimental  data  on  reactions  of  tho  type 
specified. 

The  main  objective  of  the  program  for  the  period  covered  by  the  report  has 
been  to  establish  tho  stoi-" biometry  of  tho  reaction  of  organoli thium  compounds 
or  of  Grignard  reagents  with  tho  halides  of  as  many  of  the  transition  metrls  as 
possible.  There  is  a.  certain  amount  of  published  write  on  tho  organic  chemistry 
of  various  transition  elements,  and  some  of  the  results  reported  arc  /cry  unusual. 

In  many  cases,  however,  it  is  impossible  to  form  even  a tentative  opinion  as  to 
tho  nature  of  the  chemical  reactions  involved,  because  of  the  lack  of  stoichiometric 
lata.  The  practice  has  often  been  simply  to  trert  an  inorganic  halide  with  a largo 
excess  of  a.  Grignard  reagent,  and  to  isolate  what  products  could  be  obtained  from 
the  resulting  mixture.  Fo?  -example,  the  very  curious  organochroir.ium  compounds  of  F. 
Hein -(see  literature  survey  bolow)  resulted  from  such  a reaction  betwoen  phenyl- 
magnesium  bromide  and  chromium  trichloride.  Among  tho  products  wer^  compounds, 
apparently,  in  wmen  tnreo,  four,  or  five  phenyl  groups  might  be  b ended  to  chromium; 
but  the  nature  of  the  primary  reaction  cannot  even  be  speculated  on  intelligently, 
o. cause  tho  number  of  moles  of  phony lmagnesiur.  bromide  actually  involved  in  the 
reaction  is  unknown.  It  appeared  that  stoichiometric  data,  for  this  and  many  other 


eases,  would  be  essential  to  any  atterr.pt  at  elucidation  of  the  chemistry  involved. 
Those  investigations  arc  reported  below.  They  have  not  proceeded  as  rapidly 
as  was  anticipated,  and  this  part  of  the  program  has  dealt  only  with  some  of  the 
transition  elements  of  tho  fourth  period  of  the  periodic  tsblcr-the  transition 
elements  of  the  3d  series.  Tho  main  reason  for  this  rather  slow  progress  was 
the  difficulty  experienced  in  obtaining  pure  anhydrous  inorganic  starting 
materials.  Tho  halidos  of  the  transition  metals  are  mostly  well-known,  but  often 
as  hydrated  complexes.  Tho  preparation  of  those  same  halides  in  strictly  an- 
hydrous form,  in  a high  state  of  purity,  and  in  rcasonablo  quantity,  has  proved 
in  some  cases  to  be  troublesome.  Tho  literature  of  synthetic  inorganic  chemistry 
is  often  of  little  help  in  these  cases,  because  of  the  lack  of  specific  experimental 
directions,  or  for  other  roasons.  For  oxamplo,  products  obtained  by  heating  hydrat- 
ed salts  have  sometimes  been  reported  and  usod  as  anhydrous  halidos,  with  no  analysis 
given.  Analysis  will  often  show  that  such  products  ars  not  pure,  and  probably 
contain  oxygen.  At  least  half  the  timG  of  the  first  year  of  the  project  has  been 
devoted  to  the  development  of  supplies  of  suitable  inorganic  starting  materials, 
especially  anhydrous  inorganic  halides.  This  work  has  consisted  in  part  of  an- 
alysis and  testing  of  materials  supplied  commercially,  and  in  part  of  the  pre- 
paration and  analysis  of  our  own  samples  and  the  evaluation  of  various  methods 
for  such  pi  operations.  The  results  of  this  preliminary  labor  are  included  as 
Part  IIT  of  this  report. 

During  the  early  phases  of  the  work,  it  was  also  of  course  necessary  to  pre- 
pare a survey  of  the  literature  on  the  organomctallic  chemistry  of  these  elements. 
This  literature  was  familiar  to  us  in  general  when  the  proposal  was  written,  but 
the  complete  coverage  of  the  field  which  was  required  in  connection  with  the  re- 
search itself  proved  to  be  a time-consuming  undertaking,  bec°use  of  the  large 
number  of  subjects  under  which  search  had  to  be  made.  The  liters tur.  survey  forms 
P<  rt  II  of  this  report. 
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The  experimental  drta  on  the  ructions  of  halides  of  tho  transition  metals 
with  phenyl il thium  pro  given  in  Part  IV,  and  these  results  arc  discussed  briefly 
in  Part  V.  Because  tho  results  arc  ns  yot  incorr.pl ote,  extensive  discussion  is 
not  appropriate  at  this  time.  Some  suggestions  os  to  tho  future  program  are  given 
in  Part  VI,  which  is  followed  by  tho  summery,  Part  VII. 

In  conclusion  of  this  introductory  section,  it  is  desirable  to  point  out 
the  iir.porte.nca  of  certain  recently  reported  results  from  other  laboratories 
to  this  research  program.  When  tho  presont  project  was  first  proposed,  very 
few  organic  compounds  of  transition  rr.otals  had  been  prepared.  For  instance, 
among  fourth  period  elements,  no  organometallic  compounds  of  titanium,  vanadium, 
iron,  cobalt,  or  nickel  had  been  isolated,  and  thero  were  only  brief  references  to 
ill-defined  scandium  and  manganese  compounds.  Only  in  the  case  of  chromium  had 
isolable  substancos,  some  apparently  well-defined,  boon  reported.  Borne  sug- 
gestive results  had  been  obtained,  particularly  with  titanium,  and  in  our 
proposal  it  i 6 stated  that  "Titanium  is  the  element  which  ...  should  to 

i 

investigated  first  , . . Although  tho  work  of  Gilman  and  Jones  did  not  yield 
isolable  orgenotitanium  compounds,  their  re°ction  of  phenyl lithium  with  titanium 
tetraethoxide  se^ms  interesting  . . . Our  initial  experiments  . . . might  involve 
tho  use  of  orgnnolithiurc  compounds  with  various  inorganic  titanium  compounds". 

This  proposiil  was  written  late  in  1950*  The  project  did  not  start,  however, 
until  Juno  1,  1952,  and  during  the  time  intervening  two  significant  developments 
had  appeared  in  tho  literature.  One  was  a report  of  the  isolation  of  an  organo- 
ti tanium  compound,  propnrod  from  phenyllithium  and  titanium  tetraisopropoxiic — 
that  is,  by  the  same  attack  which  we  h-  : cxpootc-.u  wou«.d  probctbly  be  most  profitable. 
This  v/ork  w^s  reported  ir.  a brief  communication  by  Herman  and  Kelson  of  the  National 
Lea d lompany  Fortunately  this  coamurieotion  appeared  just  as  our  research  was 
starting,  and  wo  were  nblo  to  avcid  repot?  fieri  .1  ,vo.  x which  had  already  boon  done. 
Wo  have,  since  then,  been  in  touch  with  Pis.  Kaiser  and  Hcrn.au,  who  have  been  very 
cooper--'' five  in  sending  us  Information  about  their  work,  in  advance  of  publication. 


Also,  in  1951<  between  the  proposal  and  tho  initiation  of  the  project,  there 
was  published  tho  report  of  tho  preparation  of  di cyclopentadi cnyliron  by  a reaction 
of  the  typo  specified  for  study  under  this  contract.  This  work  was  taken  up  im— 
mediately  by  several  investigators,  parti cularly  by  Wilkinson  at  Harvard,  who 
prepared  a whole  scries  of  "sandwich"  compounds  of  this  ferrocene  type,  including 
derivatives  of  titanium,  vanadium,  iron,  cobalt,  and  nickel. among  tho  ?jl  transition 
elements.  Whether  these  compounds  are  "organometallic 11  hr  not  is  partly  a question 
of  definition,  but  in  any  case  they  certainly  have  a very  important  bearing  on  the 
general  problom  of  bond  formation  between  carbon  and  transition  elements.  It  will 
bo  necessary  to  pay  some  attention  to  those  compounds  in  future  phases  of  our 
program.  Turing  this  first  year  of  our  work,  new  information  on  these  substances 
was  being  published  so  rapidly  that  it  seamed  best  to  defer  any  such  experimental 
investigations  of  our  own  until  the  picture  became  a little  clearer. 

Thus,  in  a field  in  which  there  had  been  few  new  developments  for  some  years 
prior  to  our  proposal,  there  has  in  contrast  been  a considerable  amount  of  pub- 
lication during  the  past  year.  Some  of  these  recent  results  have  anticipated 
some  of  the  work  which  we  had  proposed.  However,  those  developments  arc  encourag- 
ing in  that  they  confirm  the  soundness  of  a proposal  for  research  along  those  lines. 
It  may  bo  expected  that  continued  investigations  in  this  field  will  yield  inform- 
ation, not  orJy  on  yet  v,thcr  now  and  novel  types  of  chemical  substances,  but  also 
on  problems  of  fur.d&u.unti'  1 importance  to  the  chemistry  of  carbon. 

This  report  is  nr.  interim  Technical  P.cport,  written  go  describe  the  progress 
made  during  the  first  year  oi  a two-year  contract.  The  contract  is  still  in  force, 
and  tho  research  is  continuing. 
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II.  SURVEY  OF  THE  LITERATURE  ON  THE  ORGANCMSTALLI C CHEMISTRY  OF 

TRANSITION  METALS  OF  THE  3d  SERIES 

(Arabic  numerals  in  parentheses  refer  to  literature  references  In  the 
bibliography,  part  VIII  of  the  report.) 

General 

A chemical  element  is  classified  as  transition  or  non-rtrnnsi  ti on  according 
to  whether  or  not  its  atom  possesses  unfilled  orbitals  in  electron  shells  below 
the  valence  shell.  Non-transition  elements  have  no  such  unused  orbitals,  and 
bond  formation  by  these  elements  is  expected  to  involve  no  lower-lying  orbitals. 
Organic  compounds  of  most  of  theso  elements  have  been  prepared  and  studied,  end 
ere  cn  vhe  whole  well-defined  substances  in  which  the  central  element  has  the 
valence  which  would  be  oxpectcd  in  view  of  its  chemical  properties. 

A,  transition  element  is  one  in  which  there  are  unfilled  orbitals  below 
the  valence  shell.  This  arrangement  leaves  orbitals  in  two  shells  available 
for  forming  bonis  to  other  atoms.  There  are  several  transition  series  in  the 
periodic  table.  In  this  report  attention  is  concentrated  on  the  series  which 
includes  the  elements  from  scandium  through  copper  (the  transition  elements  of 
the  31  series. ) 

Most  attempts  to  prepare  organometalli c derivatives  of  the  transition  metals 
have  employed  the  reaction  of  another  orgenometallic , such  as  a Grignari  reagent, 
with  3u  Inorganic  compound  cf  the  metal.  The  common  product  derived  from  such 
a reaction  is  the  compound  which  is  the  result  of  the  coupling  of  the  organic 
radicals  of  the  G-ignard  reagent,  for  instance,  biphenyl  from  phenylmagnesiun 
bromide.  That  is,  transition  metal  halides  catalyze  the  decomposition  of 
Grignari  reagents  or  other  organometalli cs  in  a fashion  such  as 

2RMgX  — » R-R 

Relatively  few  compounds  with  a carbon-transition  metal  bond  have  been  isolated 
from,  such  reactions,  but  Kharasch  and  Fields  (69)  studied  this  catalysis  end 
concluded  that  there  is  an  organometalli c intermediate  formed  in  the  coupling 


reaction  with  Grigntrd  reagents.  If  this  is  true  then  it  may  he  srid  that  organo- 
metrllic  compounds  of  all  the  transition  metals  have  "been  fonr.ed. 

formation  of  organomet.allic  compounds  of  scandium,  titanium,  vanadium, 
chromium,  manganese,  Iron,  cobalt,  nickel,  and  copper  has  been  reported.  Up  to 
1950,  howover,  no  wcll-charactcrizod  simple  compound  had  been  described.  Orgnno- 
chromium  compounds  had  been  prepared  and  studied  extensively  by  Hein,  who  re- 
ported compounds  in  which  the  metal  had  the  unexpected  co-ordination  numbers 
three,  four,  or  five.  (As  far  as  we  can  tell,  this  work  has  not  been  repeated 
elsew'here — see  below  for  details.) 

In  1952*  Herman  and  Nelson  (56)  reported  tho  isolation  and  thorough  charac- 
terization of  an  organotltanium  compound  in  which  the  titanium  had  the  normal  co- 
valence of  four.  The  compound  was  a crystalline  material  with  a well-defined 
melting  point,  and  underwent  many  reactions  typical  of  an  organometallic  bond 
of  low  activity. 

Slnco  1950  tr-uch  Interest  has  developed  also  in  a now  type  of  organic  com- 
pound of  transition  elements.  Dlcyclopentadi onyllron  (or  "ferrocene",  as  it 
will  apparently  be  called),  (C^fl^^Fe,  wes  originally  prepare!  from  cyclo- 
pen tadlenylmegncslum  bromide  and  ferric  chloride.  The  molecule  has  two  rings, 
each  with  five  equivalent  C-E  groupings,  and  an  iron  atom  ccntrosymmotrically 
placed  between  the  two  rings.  Related  compounds  cf  nickel,  titanium,  zirconium, 
vanadium,  cobalt  and  ruthenium  have  been  prepared  and  studied  by  Wilkinson  anl 
co-workers  at  Harvard,  in  a research  program  which  is  still  continuing, 

I ron 

The  first  attempt  to  prepare  an  orgar.oircn  compound  was  made  by  Wanklyn 
and  Carl us  (ICO)  in  1861.  From  the  reaction  between  ferrous  iodide  and  diethyl- 
zinc,  they  obtained  a mixture  of  gases  and  metallic  iron.  The  gases  identifier 
were  ethylene,  ethane  and  hydrogen,  the  products  one  would  expect  if  the  re- 
action proceeded  by  a radical  mechanism.  Bennett  and  Turner  (l,2)  found  that 


phonylmagnosium  bromide  with,  ferric  chloride  gave,  besides  biphenyl,  a.  green 
solid  which  contained  iron,  was  soluble  in  benzene,  and  depressed  the  melting 
point  of  biphenyl.  No  proof  was  given  that  the  substance  vns  a.  true  organo- 
motallic  compound. 

Job  and  Reich  (63)  reported  the  preparation  of  ethyliron  iodide  by  the 
cction  of  ethylzinc  iodide  on  ferrous  iodide.  The  evidenco  for  the  existonce  of 
an  organoiron  compound  was  the  formation  of  ferrous  hydroxide  on  hydrolysis  of  th 
reaction  mixture.  Semplos  hydrolyzed  as  the  reaction  proceeded  gave  more  ferrous 
hydroxide  and  less  zinc  hydroxide.  Champotior  (ll)  reported  that  ferrous  iodido 
gave  ar.  organoiron  compound  with  phenylzinc  iodide,  but  not  with  phenyl.magnesium 
bromide.  His  proof  also  was  based  on  the  formation  of  ferrouB  hydroxido  on 
hydrolysis.  Job  and  Champotior  (61,62)  notod  the  formation  of  an  unstable  organo 
iron  compound  in  the  reaction  of  phenylmagnesium  bromide  and  iron  perchlorate. 
They  did  not  isolate  this  compound. 

An  entirely  different  type  of  compound  is  that  prepared  by  Kealy  and  Fauson 
(66)  from  ferric  chloride  and  cyclopen tadi cnylmagnesinm  bromide.  This  product  ha 
the  formula  (C^H^i^e,  and  has  been  called  "forrocene".  Miller,  Tebboth,  and 
Tremaine  (82)  prepared  the  same  compound  from  reduced  iron  and  cyclopentadiene. 
The  properties  of  the  material  are  similar  to  those  of  an  aromatic  hydrocarbon. 
Wilkinson  and  co-workers  at  Harvard  have  studied  the  chemistry  of  this  compound, 
end  of  similar  compounds  of  other  metals.  The  iron  compound  is  an  orange  solid, 
m.  p.  173-17hc,  which  is  very  stable  toward  acids  and  bases.  It  is  insoluble  in 
water,  10$  sodium  hydroxide,  or  hot  concentrated  hydrochloric  acid,  but  will 
dissolve  in  organic  solvents,  dilute  nitric  Ecid,  or  concentrated  sulfuric  acid. 
Woodward,  Roscnblum,  and  Whiting  (107)  prepared  many  derivatives  of  ferrocene 
which  indicate  that  the  compound  acts  as  4f  it  had  two  f ivc-membered  benzenoii 
rings.  When  it  was  treated  with  acetyl  chloride  in  the  presence  of  AlCl.^,  a red 


. i , 


crystalline  rtlacotyl  derivative,  ir..  p.  I3O-I3I0*  was  ferried.  The  diacetyl 
derivative  would  give  r.  di  oxime  (decomposed  sbovo  2Q0C),  and  s dicarboxylic  acid 
(sublimed  unchanged  above  230r)  which  could  bo  characterized  by  its  dimethyl 
ester,  m.  p,  114-115°.  Other  derivatives  are  slso  mentioned.  The  acidity  con- 
stants cf  ferrocene  dicprboxylic  acid  and  of  benzoic  acid  are  very  similar; 
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ferrocene  dicr.rboxylic  acid,  pK3  3«1  * 10  , 2.7  x 10  , benzoic  acid  pK 

-? 

2,4  x 10  . Magnotic  susceptibility  determinations  show  that  ferrocene  in 

not  paramagnetic,  but  that  the  cation  which  is  produced  by  oxidation  of  ferrocene 

is  paramagnetic  and  has  one  unpaired  electron. 

Vilkinscn  and  co-workers  (106)  proposed  n structure  for  ferrocene  in  which 
the  two  rings,  each  cf  fivo  equivalent  C-H  groupings,  ere  bonded  to  an  iron  atom 
which  is  ccntffo symmetrically  placed  between  the  two  rings.  X-rny  examination  of 
the  molecule  (14)  ccnfirms  this  structure. 

Ti tanium 

Cahours  (8)  was  the  first  to  report  an  attempt  to  prepare  an  o rgo no ti tanium 
compound.  He  treated  titanium  tetrachloride  with  diethylzinc  and  obtained  a 
black  product  of  unknown  composition.  He  also  observed  no  reaction  between  the 
metal  and  methyl  or  ethyl  iodide.  Kohler  (7?)  treated  titanium  tetrachloride 
with  phcnylrhosphorous  dichloride  and  observed  no  reaction.  Schuman  (93)  obtain- 
ed n-»  organotitanium  compounds  from  the  reaction  between  diethylzinc  and  titanium 
tetrachloride,  but  Faterno  and  Peratoner  (85)  isolated  a compound  TiCl^. 2(C\H  .)nZn 
frrn  the  same  reaction.  This  product  was  decomposed  vigorously  by  water,  with 
the  evolution  of  gas.  Free  zinc  and  a small  quantity  of  oil  was  also  recovercl. 
The  oil  was  reported  to  contain  titanium,  but  analysis  gave  values  for  titanium 
which  were  400$  high  for  the  value  calcul  ted  for  ( C^H^^Ti . The  authors  stated 
that  their  titanium  tetrachloride  may  not  have  been  pure.  Levy  (??)  made  many 
attempts  to  prepare  an  organo  ti  tanium.  compound,  but  none  were  successful.  The 
it.. tel  iid  not  react  with  di  ethylrr.ercury  , diethylzinc  or  tri  ethyl  aluminum.  Ti  train: 
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tetrr  chlorl  io  nnd  diothylmercury  gr.va  ethylmercuric  chloride,  titanium  i,ri- 
chloride,  and  cn  unidontif led  gn3  containing  neither  titanium  nor  chlorine. 

Challenger,  Pritchard  and  Jir.ks  (10)  treated  titanium  tetrachlorido  with 
tri phony larsonic,  -antimony,  and  -bismuth  nnd  also  with  phenylmagnesium  bromide 
and  with  CX-nr.phthylmegne6iuc  bromide,  Thoy  did  not  get  any  organoti tanium  com- 
pound from  tho  reactions.  The  Grignard  reagents  yielded  chiefly  coupling  prod- 
ucts and  a black  solid  containing  trivnlont  titanium.  Prown  and  Reid  (6)  iso- 
lated a brown  tarry  substance  from  the  reaction  of  titanium  tetrachlorido  with 
totreothyllond.  Negative  results  were  also  reported  by  Razuvaev  ana  Eogdanov 
(89)  who  treated  titanium,  tetrachlorido  with  diphenyl  mercury,  with  phenylmagnesium 
chloride,  and  with  codlur.  and  chlorobenzene. 

Plots  (88)  reported  the  preparation  of  an  organoti tanium  compound  by 
treatment  of  trlethoxychlorotitenium  or  di ethoxydichloroti taniura  with  butyl 
chloride  in  the  prosonco  of  metallic  lithium.  These  compounds  could  not  be 
isolated  because  of  their  rapid  hydrolysiB.  Tho  chief  argument  for  a carbon- 
titanium  bond  is  that  iodine  monochloride  and  the  reaction  products  gave  a small 
amount  of  n-butyl  lodido.  Tho  possibility  of  the  n-butyl  iodide  arising  from 
r.-butyl  lithium  in  the  reaction  products  seems  to  have  been  overlooked. 

Gilman  ani  Jones  (21,65)  reported  the  isolation  of  an  orange  precipitate 
from  the  reaction  of  tetraethoxytl tnnlum  and  phonylli thium.  The  orange  3clii 
contained  halogen  and  tetravalont  titanium,  but  no  reduced  titanium.  It  gave  a 
color  test,  burned  spontaneously  in  tho  air,  and  reacted  violently  with  water. 
Upon  standing  e.t  room  tenporaturc  the  solid  darkened  and  became  a black  me  s 
from  which  biphenyl  (82$  yield)  was  extracted  as  the  only  identified  product. 

Tho  reaction  between  metallic  titanium  and  di phony lmercury  produced  no  reaction. 
Titanium,  tetrachloride  with  phenyl  or  butyl'll  thium  gave  no  indication  of  an 
organoti tanium  compound.  The  main  product  with  phenylli thium  was  biphenyl  (5'$ 
yi eld). 
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Hcrmcn  ."nd  Nelson  (56)  isolated  a crystalline  organoti tanium  compound  from 
the  following  scries  of  reactions:  Isopropyl  titanato  was  treated  with  phonyl- 

lithium  in  equimolar  proportions  to  give  a stable  lithium  complex  of  phenyl- 
titanium  tri i sopropoxlic,  which  by  chemical  properties  and  elementary  analysis 
soctrod  to  have  the  formula  C^H^Ti(CC'^H^)^*I'iOC^E^.LiBr.  The  complex  was 

treated  with  titanium  tetrachloride,  which  precipitated  the  lithium  as  the 
chloride  and  freed  the  organoti tanium  compound  from  the  complex  phenylti tanium 
trii sopropoxidc.  The  organoti tnnium  compound  has  m.  p.  88-90°,  and  was  kept 
without  iocorcposi tion  for  n yoar  at  10°,  under  nitrogen.  An  ether  solution 
gave  a slowly  developing  Michlcr'3  ketono  color  test  (2d):  phenylti tanium  tri- 
isopropoxido  reacted  rapidly  with  oxygen  to  give  a phenol  derivative,  reacted 
with  water  to  give  benzene,  and  reacted  slowly  with  diphenyl  ketone  to  give 
triphenylcarbinol,  but  it  failed  to  give  benzoic  acid  on  treatment  with  solid 
carbon  dioxide.  Those  reactions  arc  typical  of  an  orgnnometr-llic  bond  of  low 
activity.  Herman  and  Nelson  studied  the  effects  of  various  groups  on  the  stabil- 
ity of  organoti tanium  compounds  of  the  typo  K^TiX^^j  (where  R is  nlkyl  or  aryl 
and  X is  an  anion).  They  found  that  tho  stability  increased  os  R increased  in 
"negativity".  Aromatic  R groups  gave  the  most  stable  compounds.  The  smaller 
the  value  of  n,  the  greater  the  stability.  The  stability  cf  the  compounds  in- 
creased in  the  following  order  for  different  X groups:  Fluoride,  muthoxy, 
chloride,  butoxy.  The  ether  solutions  of  the  unisolated  products  obtained  with 
phenyl  magnesium  bromide  and  alkyl  titr-nntes  gave  reactions  similar  to  those 
obtained  with  the  crystalline  phenylti tanium  triisopropoxide.  The  titanium- 
carbon  bond  w=s  shown  to  decompose  spontaneously  to  give  phenyl  radicals.  This 
was  illustrated  by  the  ability  of  the  material  to  catalyze  tho  polymerization 
of  styrene. 

Wilkinson,  Pausor.,  Birmingham  and  Cotton  (105)  have  prepared  an  organic 
com.pouni  of  titanium  which  is  analogous  to  the  iron  compound  ferrocene. 
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pontodienyl)titanium  dibromi&e  was  prepared  by  tho  reaction  of  exceBS  cyclopentn- 
dl onylmrgnesium  bromide  with  titanium  tetrachloride  in  toluonc  solution.  It 
forms  dark  red  crystals  with  m,  p.  240-243°,  It  is  to  some  extent  hydrolyzed  by 
water,  giving  a yellow  solution  which  will  give  precipitates  similar  to  other 
bis( cyclopentadionyl)raetal  ions.  Magnetic  susceptibility  measurements  Bhow 
that  bia(cyclopentPdicnyl)titanium  dibromlde  is  not  paramagnetic. 

Vanadium 

Supniowaki  (97)  reported  that  vanadium  tri-  and  tetrahalides  caused  coupling 
of  the  organic  radicals  of  various  o rgr- noma gne slum  halides.  PhcnylmagneBium 
bromide  and  vanadium  di chloride  gave  biphenyl  in  40-50$  yield.  Ke  found  that 
aliphatic  Grignerd  reagents  gave  bettor  yicldB  of  the  coupling  product.  Vernon 
(99)  was  the  noxt  to  report  on  the  roaction  of  phenylroagnesium  bromide  with  the 
halides  and  oxyhalides  of  vanadium.  Biphenyl  waB  recovered  from  the  reaction 
mixtures  apparently  in  direct  proportion  to  the  amount  of  vanadium  compound 
used.  In  one  case,  that  of  vanalium  oxytri chloride,  an  unstable  organic  solid, 
which  gave  a positive  test  for  vanadium,  wrb  isolated.  Upon  hydrolysis,  this 
solid  yielded  biphenyl.  Otherworkers  (70, 80)  also  Btudied  the  reaction  of 
vanadium  salts  with  phenylmegnesium  bromide,  but  did  not  isolate  organov^nadium 
compounds.  Kirsanov  and  Sazanova  (70)  reported  that  they  obtained  an  organo- 
vsnadium  compound  which  could  not  be  isolated. 

Orgpnic  compounds  of  vanadium  have  been  prepared  and  isolated  by  the  re- 
action of  cyclopentadi enylmagnesium  bromide  with  vanadium  tetrachloride  (105). 
These  compounds  arc  analogous  to  the  iron  compound  ferrocene  (66,82,106,107). 

One  compound  is  a dark  green,  rather  unstable,  ligroin-soluble  dibromide.  The 
other  i 8 a pale  green,  ligroin-insoluble  bichloride.  Bis( cyclopentadi anyl)- 
vanadiuir.  dichloride  is  soluble  in  chloroform,  ethyl  acetate,  and  alcohol;  it 
decomposes  on  heating  above  250°.  In  water  it  forms  a green  unstable  solution 
which  gives  precipitation  reactions  typical  of  bi  s(  cyclopentadi on.yl  )mntal  inas 
with  reagents  such  as  chloroplatinic  acid,  potassium  triiolido,  picric  acid,  etc. 
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Magnctic  susceptibility  ir.oasurcir.onts  Indicate  that  bis(cyclopcntr'licnyl)vansdluin 
dlchlorido  has  one  unpaired  electron.  Thcro  was  no  information  on  the  molecular 
weight  of  the  compound. 

Chromium 

Sand  and  Singer  (92)  wore  the  first  to  attempt  the  preparation  of  an  organo- 
chroi.  ir.  compound.  Thoy  treated  chrorr.yl  chloride  with  phony lmagnesium  bromide, 
but  felled  to  isolate  any  product  of  the  desired  type.  Kondyrew  and  Fomin  (?k) 
and  Bennett  and  Tumor  (l,2)  found  that  the  only  products  obtained  by  treating 
chromium  halides  with  Grignard  reagents  were  coupling  products.  Aliphatic 
Grignard  reagents  gave  saturated  and  unsaturated  hydrocarbons.  The  amount  of 
biphunyl  formed  in  the  reaction  of  phonylme.gncsiurr.  bromide  with  chromium  tri- 
chloride was  proportional  to  the  amount  of  chromium  trichloride  used. 

Hoin  and  his  co-workers  (26-53)  have  reported  the  isolation  of  many  orgnno- 
chromium  compounds.  These  are  polyphonyl  compounds  which  are  the  products  of  the 
reaction  of  phenylmagnesium  bromide  and  a halide  or  oxyhalidc  of  chromium.  An 
ethereal  emulsion  containing  compounds  of  chromium  was  isolated  from  the  acid- 
ification of  the  reaction  r.ixturo  of  phenylmagnesium  bromide  and  chromium  tri- 
chlorido,  and  an  crange-hrown  solid  was  isolated  from  this  emulsion.  The  solid 
was  soluble  in  chloroform,  alcohols,  and  polar  solvents,  but  was  insoluble  in 
other.  It  w=s  shown  io  be  a mixture  of  bromides  of  a number  of  erg? no chromium 
compounds.  This  crude  r.ixturo  was  purified  by  treating  it  with  excess  alcohol 
and  mercuric  chloride  to  obtain  a complex  corresponding  to  the  formula 
( ^OrBr.HgCl^.  The  complex  was  extracted  with  alcohol,  decomposed  in  pyridine 
with  hydrogen  sulfide,  acidified  with  sulfuric  acid  and  then  extracted  with 
chloroform  and  ether.  The  purified  product  corresponded  in  Cr  content  to  the 
formula  ( C^Hcj) -CrBr.  l/2(  C2H-)  2^*  The  product  was  unstable,  and  on  exposure  to 
light  and  air  it  decomposed  with  the  formation  of  much  biphenyl.  This  compound 
when  treated  with  potassium  hydroxide  yielded  ( CgH  <.)^Cr0H.hHoC,  which  is  a very 
s Irong  br  sc. 
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Gclutlons  c pontaphcnylchromium  hydroxide  when  treated  with  acids  or 
neutral  sn Its  gave  3altB  of  (C^H^)^CrOH,  and  not  of  (C^H^)^CrOH  (with  a few  ex- 
ceptions which  include  the  acotatc,  chloroacotato,  acid  carbonate,  and  sulfate). 
The  phonyl  group  which  is  lost  appears  as  phenol,  onough  biphenyl  to  smell,  an 
acidic  material,  and  a solid  soluble  in  organic  solvents.  To tra phonyl-  and  tri- 
phenylchromium  halides  were  also  isolated  from  the  crude  product  of  the  re- 
action between  chromium  trichloride  and  phenylmagnesium  bromide.  Tetraphenyl- 
chromium  hydroxiio  was  mado  from  (C^H^)i+CrI  and  silver  hydroxide,  and  triphenyl- 
chromium  hydrexido  from  a tri phenylchromium  halide  and  n base.  Tho  base  strengths 
of  those  three  polyphonylchromium  hydroxides  were  mcasurod  and  it  was  found  that 
they  decreased  in  tho  order  ( C^H^)^CrOH,  (C^H^)^CrOH,  (C^H^)^CrOH,  but  that 
all  were  strong  bases.  Totraphonylchromium  was  prepared  by  the  electrolysis 
of  (CgH^)^Crl  in  liquid  ammonia  at  -40c  to  -50°.  The  totraphonylchromium  was 
deposited  upen  the  cathode  as  a red,  smooth  or  crystalline  deposit.  It  is  quite 
unstable  at  room  temperature  and  in  air  it  becomes  smeary,  darkens,  and  evolves 
the  odor  of  biphenyl.  It  will  dissolve  rapidly  in  alcohol  or  water  and  changes 
quantitatively  into  (C^H^^CrC'K.  Tho  molecular  weight  of  (CgH^)^Cr  has  not  been 


determined.  (C^H^)^Cr  was  prepared  by  a similar  electrolysis  reaction.  It  was 
deposited  on  the  cathode  as  a.n  amorphous  brown  yellow  material  which  is  unstable, 
splitting  off  biphenyl  ani  forming  ( C^H-)^CrOE  in  pir..  (C^H^)^Cr  was  also 
obtained  by  treating  (C^H^)-^Crl  with  metallic  3odiun  in  liquid  ammonia. 

Only  one  solvent-free  and  uncrmplexed  org°nochroraium  compound  with  a co- 
ordination number  of  five,  and  one  with  a co-ordination  number  of  three  have 
been  Isolated.  They  are  respectively  penta(£-bromotriphenyl‘;>ne)chrcmIum  bromide, 
(*Br-(  j ^CrBr,  and  tri  phenylchromium  perchlorate,  (C^_H  ) CrClO^.  Many 

such  compounds  In  which  chromium  has  a co-ordination  number  of  four  have  been 
isolated,  and  analyses  of  these  compounds  check  with  the  calculated  values. 

All  these  organochromium  hydroxides  and  many  of  their  salts  are  of  th~  sa.L-:e 
color,  that  of  the  iichronoto  ion,  regardless  of  the  apparent  ve.lcnco  of  the 
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cfcror.lun, 

Tho  only  independent  Investigation  of  these  compounds  was  m°dc  by  Kiemm 
end  Neuber  (72).  They  measured  tho  paramagnetic  susceptibility  of  compounds  in 
which  thoro  wore  fivo,  four  and  three  groups  bonded  to  the  chromium  atom.  They 
found  that  all  of  the  compounds  from  all  three  series  gave  a mngnotic  moment 
of  1.73  Bohr  magnetons,  independent  of  temperature,  which  indicates  one  unpaired 
electron  in  tho  molecule  in  every  case.  This  would  indicate  that  chromium  is 
pontr.valont  in  all  of  these  compounds,  thus  making  Hein's  formulas  in  error  or 
in  need  of  revision.  It  is  not  clear  from  Kiemm  and  Neuber1 s ppper  whether 
they  obtained  their  orgonochromium  compounds  from;  Hein  or  whether  they  pre- 
pared tho  compounds  independently.  There  is  no  other  record  of  any  independent 
confirmation  of  any  of  this  work  on  organochromlum  compounds. 

No  rorcticr. , of  organochromlum  compounds  with  carbonyl  or  unsaturated 
groups  in  ether  molecules  has  been  reported. 

Scandium, 

Tho  only  reference  to  an  organoscandlum  compound  is  by  riots  (37),  in 

which  the  preparation  of  tri cthylscandium  mcno-etherate  from  ethylmagnesiurc 

bromide  and  scandium  trichloride  is  reported.  The  compound  is  a liquid  which 
0 

boils  at  170-172  , oxidizes  readily,  and  decomposes  promptly  in  vater. 

Manganese 

There  are  very  few  references  to  organometallic  compounds  of  manganese 
in  the  literature.  Gilman  and  Bailie  (19)  mention  the  preparation  of  phc.nyl- 
mangnnese  1 edide  from  manganous  iodide  and  phenylmagncsium  iodide.  The  product 
was  a chocolate  brevn  solid  which  gave  both  biphenyl  and  benzene  on  hydrolysis. 
It  was  inflammable  and  gave  biphenyl  nr.  moderate  pyrolysis.  The  soli^  analyzed 
for  a mixture  of  phony lmangonoso  iodide  and  diphenylmangnnese,  although  tho 
authors  state  that  it  may  not  conjoin  divalent  manganese. 
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Plot  8 (8B)  mentions  that  organic  derivatives  of  manganese  will  form,  but 
ho  gives  no  experimental  details. 

Cobalt 

The  early  work  (22,68)  on  the  reaction  of  Grignard  reagents  with  the  an- 
hydrous halidea  of  cobalt  gave,  in  mo9t  cases,  coupling  products  in  nearly 
100$  yields, 

2 RMgX  •+•  2CoX2  $•  R-R  -4-  2MgX2  -h  2CoX 

Ingles  and  Polya  (60)  wore  tho  first  to  report  the  isolation  of  an  org^nocobalt 
compound.  Crgcnocoba.lt  bromides  and  iodides  were  prepared  from  Grignard  rc- 
agonts,  RMgX  (R  =■  1-  or  2-  naphthyl;  bromide  or  iodide),  and  cobplt  halides  in 
ethereal  solution.  The  products  were  of  the  typo  RCoX^,  R2C0X2  and  R3C0X. 

They  wore  all  crystalline  solids  which  decomposed  over  a range  between  120-l60c. 

They  wore  analyzod  for  cobalt  and  halogen,  and  the  results  agreed  well  with  the 
calculated  values,  Tho  organocobalt  compounds  prepared  from,  phenyl  end  from 
'■liphatic  Grlgnard  reagents  were  impure, 

Wilkinson  (104)  he.s  prepared  organic  compounds  of  cobalt  which  are  analogous 
to  ferrocene.  The  compounds  which  were  prepared  are  salts  of  the  ion  (CtHt)oCo  , 

J 

which  i 8 callod  the  cobalticinlum.  ion.  The  ion  was  prepared  from  cobaltic  rcetyl- 
acetonate  and  cyclopen tadi enylmagnosium  bromide  in  beneene. 

Tho  ion  is  very  stable  and  is  unaffected  by  boiling  with  either  aqun  regia 
or  concentrated  sulfuric  acid,  or  with  dilute  alkalies  alone  or  even  in  the 
presence  of  hydrogen  peroxide.  Fuming  with  perchloric  acid  will  destroy  the 
ion.  Crystalline  precipitates  can  be  obtained  with  silicotungstic  acid,  picric 
acid,  chloroplatinic  acid,  potassium  triiodide  or  others,  Cobalticinlum  hydroxide 
s made  in  aqueous  solution  by  the  action  of  silver  oxide  0..  the  chloride  solu- 

-3 

tion.  The  ionization  constant  of  the  base  is  8.2  x 10  , Magnetic  susceptibility 

measurements  on  cobalticinlum  picre.te  show  that  tho  salts  of  the  cob-el tl cinium 

ion  are  not  pcrama,gnotic.  Unsuccessful  attempts  were  made  by  Fage  and  Wilkinson  (84) 
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to  propero  cobalticeno,  (C^H^^Co,  by  controlled-potcntiel  electrolysis  of  e 
neutral  0.001  M cobalticinium  perchlorate  solution. 

Ni ck*l 

Job  end.  Reich  (64)  wore  the  first  to  report  the  preparation  of  an  organo- 
nickel  compound.  Thoy  treated  phonylmagnosium  bromide  end  an  excess  of  NiCl2 
with  ethylene,  and  then  hydrolyzed  the  mixture.  The  products  of  the  reaction 
were  ethane,  ethylbenzene,  styrolono  and  biphenyl.  Since  previous  investigators 
isoletod  only  othylbonzene  from  the  reaction  between  ethylene  and  benzene  in 
the  presence  of  AlCl^*  the  authors  concluded  that  an  dgpnoni ckcl  compound 
is  an  intermediate  in  their  reaction.  No  such  compound  was  isolated. 

Other  authors  (22,60,68)  have  attempted  to  prepare  orgononickel  compounds 
by  treating  the  anhydrous  halides  of  nickel  with  C-rignard  reagents.  The  results 
have  led  almost  exclusively  to  coupling  products  and  not  to  organonickel  com- 
pounds. 

Vilkinson,  Pr.uson,  Birmingham  and  Cotton  (105)  have  prepared  an  organic 
compound  of  nickel  which  is  analogous  to  the  organoiron  compound  ferrocene. 

Di cyclopen tadionylnickel  was  prepared  by  the  reaction  of  cyclopen tali enyi- 
magnesium  bromide  with  nickel  acctvlacetonate.  It  forms  dark  green  crystals 
from  ligroin  which  decompose  slowly  even  in  the  absence  of  air  and  light.  It 
sublimes  above  130°,  but  decomposes  below  the  melting  point.  The  dicyclo- 
pentadi enylnickcl  ion,  obtained  by  oxidation,  gives  precipitates  with  silico- 
tungstic  acid,  potassium  triioiiie,  etc.  just  as  do  th’  ferricinium  (lO?)  and 
cobalticinium  (104)  i ons.  Aqueous  solutions  of  this  ion  arc  rather  unstable  and 
decompose  in  a few  minutes.  Magnetic  susceptibility  measurements  show  that 
iicyclopentadicnylnickol  has  two  unpaired  electrons. 

Copuer 

Ruckton  (7)  treated  cuprous  chloride  with  iiethylzinc  and  obtained  m 
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organometellic  compounds  of  copper#  The  cuprous  chloride  was  reduced  to  metallic 
copper.  Wnnklyn  and  Carius  (100)  at temp tod  the  same  reaction  with  the  same  re- 
sults. Frnnklyn  and  Duppa  (17)  treated  copper  motal  with  di etfcylmorcury  and 
obtained  only  a mixture  of  gases  and  no  elkylcopper.  In  1915  Kondyrew  and  Fomin 
(74)  treated  cuprous  halidos  and  cuprous  cyanide  with  Grignard  reagents.  With 
aliphatic  Grignard  reagents  the  products  were  a mixture  of  saturated  and  un- 
saturatod  hydrocarbons.  With  aromatic  Grignard  reagents  they  obtained  coupling 
products. 

Reich  (90)  was  the  first  to  report  the  isolation  of  an  organomotollic  com- 
pound of  copper.  Ho  prepared  phenylooppe:'  by  the  action  of  phenylmegnesium 
bromido  on  cuprous  iodide  in  dry  other.  It  was  isolated  as  a gray  powder  which 
g'va  biphenyl  in  95$  yield  on  boiling  with  banxeno.  The  compound  when  heated 
a Ion.'  gave  vapors  of  biphenyl  and  a red  copper  powder.  With  water  the  products 
vor:  benzene  and  cuprous  oxide.  Ethylcopper  was  formed  by  a similar  reaction, 
but  it  could  not  be  Isolated, 

Gilman  and  Stralcy  (24)  also  isolated  phsnylcopper  as  n white  powder  from 
the  reaction  between  phony lmagncsium  iodide  and  cuprous  iodiio  at  0?.  The  phenyl- 
copper  we.a  unsta.blo  and  decomposed  in  eir  to  form  biphenyl.  With  water  it  gave 
25-26$  of  biphenyl  and  up  to  36$  of  benzene.  With  benzoyl  chloride  it  gave 
b nzophenone  (55$  yield);  with  allyl  bromide,  allylbenzene  (31$)?  and  with 
acetyl  chloride,  acetophenone  (48$).  jo-Ani sylcopper  was  also  prepared,  from 
j> -nni sylmagnosiua  bromide  and  cuprous  iodide.  This  compound  when  treated  with 
.“.cetyl  chloride  in  ether  gave  M-u-anisyl.  Ethylcopper  was  preoarei  from 
athylmagnesium  iodide  and  cuprous  iodide.  Treatment  of  this  compound  with 
c ;nzoyl  chloride  in  ether  gave  a 22$  yield  of  propi ophenone. 

Bolth,  Whaley,  and  Starkey  (5»103)  prepared  a series  of  organocopper  • om- 
pounls  from  the  corresponding  iiazonium  borof luorides  and  metallic  copper  in  dry 
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bunzono  or  toluene.  Phenyl-,  ^-nltro phenyl-,  o_-nltropher.yl- , rr.-nitrophrr.yl~, 
jo-tolyl- , and  jo-sulf  mamidophenylcopper  were  prepared  in  this  wny.  No  attempt 
was  mule  to  isolate  the  or^ano copper  compounds;  the  roactionB  carried  out  with 
thorn  wore  performed  in  solution.  Nona  of  the  compounds  would  give  a Kichler's 
ketone  color  tost.  Butyl  bromide  roacted  with  phenylcopper , but  not  with  t>- 
ni trophonylcopper.  Other  evidence  of  the  presence  of  an  orgnnocopper  compound 
was  givon  by  the  reaction  of  phenyl~  and  o_-ni trophonylcopper  with  chloroacetyl- 
chloriia  to  give  piioot  cyl-  and  _o-ni trophonacyl  chloride  respectively. 

Gilman,  Jones,  and  Woods  (20,25)  prepared  a solid  orgrnocopper  compound 
from  the  reaction  of  a methyl  Grignard  reagent  or  methyl 11 thium  compound 
end  a cuprous  salt.  This  solid  was  unstable  and  decomposed  to  form  coppar  and 
ethane.  When  dried  in  the  eir  it  exploded  violently.  The  reaction  of  cuyrons 
iodide  and  methylli thium  produced  a solution  of  nethylcopper  which  gav"  a 
negative  Michler'-.s  ketone  color  test.  This  yellow  solution  when  reacted  with 
benzoyl  chloride  gave  a 56^0  yield 


acetophenone. 


i 
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il X • ANHYDROUS  HALITES  OF  TRANSITION  ELEMENTS  OF  THE  31  SERIES — 

LITERATURE  SUMMARY  ANT  EXPERIMENTAL  TATA 
General 

This  portion  of  the  report  contains  a collection  of  literature  on  the 
anhydrous  halides  of  transition  elements  of  the  31  series,  end  also  the  re- 
sults of  our  own  experimental  work  pertaining  to  the  preperation  of  those 
substances.  The  collection  of  data  is  not  a complete  literature  survey, 
but  is  intonded  to  Berve  as  a practical  guide  to  the  probable  best  methods 
of  preparing  these  halidos,  and  to  such  facts  of  their  chemistry  as  seem  to 
be  of  intorest  for  our  purposes.  Information  on  color,  boiling  point,  melting 
point,  crystal  structure,  vapor  density,  solubility,  magnetic  susceptibility, 
and  synthesis  is  given,  where  available. 

Although  the  chemistry  of  metal  halides  in  water  solution  is  exhaustively 
reported  in  the  chemical  litereture,  exact  data  on  anhydrous  halides  of  elements 
such  as  these  is  in  some  cases  difficult  to  locate,  and  this  is  particularly 
true  of  preparative  methods.  In  the  older  literature  prenarations  are  often 
not  given  in  sufficient  detail  to  allow  of  duplication,  and  data  which  would 
establish  the  identity  and  purity  of  the  product  are  often  lacking.  For 
this  reason,  it  was  necessary  to  spend  much  time  in  this  investigation  simply 
working  out  methods  for  preparation  of  starting  materials.  The  methods  we 
have  found  suitable  are  recorded  here.  None  of  them  are  now,  but  care  has 
boon  taken  to  record  the  exact  experimental  procedures  and  to  give  analyses 
of  all  products,  so  that  in  the  future,  starting  materials  can  be  prepared 
without  such  delay  and  uncertainty. 

Iron 

The  anhydrous  halides  of  iron  which  have  been  prepared  and  which  ere 
available  arc  FeClg.  FeCl^.  FeRr2>  FeBr^  «ndFoI^.  Fel^  has  not  been  isolated. 
Anhydrous  FcCl^  is  available  commercially  (Eastman  Kodak)  at  a fairly  low  price. 
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Chlorides  of  Iron 

The  synthosis  of  FeCl^  Is  described  'ey  Terr  (98).  This  preparation  in- 
volves hooting  iron  wire  in  a stream  of  chlorine  gas.  Tho  yield  is  almost 
quantitative,  but  the  product  obtained  is  not  absolutely  pure,  since  it  contains 
small  amounts  of  FeCl2.  It  can  be  purified  by  sublimation  in  a stream  of 
chlorine.  FcCl^  consists  of  brownish  black  crystals,  sp.  gr.  2.804,  n.  p.  282°, 
and  b.  p.  315°.  It  is  soluble  in  water,  alcohol,  ether,  and  hydrochloric  acid. 
Vapor  density  measurements  show  that  it  is  dimeric  at  440°,  but  monomeric  above 
750°  (95).  The  crystal  structure  is  of  the  hexagonal  close  packing  type  (59) 
in  which  each  Fo  atom  is  surrounici  by  six  Cl  atoms,  three  above  and  three  below 
the  Fo  atom. 


FeOl^  was  preperod  by  Gilman  and  Apperson  (l8)  by  the  reaction  of  tetra- 
ethyllead with  anhydrous  FoCl-j  in  ether.  A 9<$  yield  of  FeCl2  was  reported, 

'n.i  analysis  snowed  it  to  be  of  high  purity.  Lux  (?6)  gives  a preparation  of 

F u'l0  in  which  FoCl  is  heated  in  an  ntmosphore  of  hydrogen  at  3CO-^50°.  No 

^ 3 

analysis  is  given  for  the  product.  Many  references  in  the  literature  report 
the  preparation  of  FoC12  by  tho  action  of  hydrogen  chloride  gas  on  iron  wire, 
but  with  no  details  given.  This  method  was  tried  in  this  laboratory  with 
success  in  obtaining  a product  which  had  the  correct  chlorine  content.  However, 
this  method  was  not  suitable  for  the  preparation  of  large  quantities  of  Fe01o, 
because  tho  iron  wire  became  ccatei  with  the  product. 

Fixperi mental-Pure  iron  wire  was  placed  in  a ryrox  No.  172  ignition  tube, 
which  had  been  previously  heated  strongly  in  a furna.ee  and  cooled  in  a stream 
of  dry  nitrogen  gas.  Tho  ignition  tube  was  heated  in  a tube  furnace  am  a 
stream  of  dry  hydrogen  chloride  gas  was  substituted  for  the  nitrogen.  Tho 
furnace  was  heated  to  rod  heat,  and  the  ferreus  chloride  formed  in  large, 
yellowish  crystals  on  the  insile  of  the  Fyrex  tube  and  on  the  iron  wire. 


* 


-22- 


m ■ .*  ssssaus?;  «» 


Precautions  were  taken  to  insure  that  no  moisture  would  enter  the  system,  by 
placing  dicing  tubes  in  the  lines  leading  to  and  from  the  reaction  tube,  bnly 
0.1  g,  of  ferrous  chloride  was  obtained  from  a reaction  employing  approximately 
3.0  g.  of  iron  wire  and  heating  for  five  hours.  Anal.  Cnlc'd.  for  FeCl^:  Cl, 

55*95.  Found:  Cl,  57.8. 

FeCl^  is  a bluo-grson  solid,  m.  p.  672°  and  b.  p.  1030°.  It  is  soluble  in 
water,  alcohol,  and  acetono  and  insoluble  in  ether.  In  the  vapor  just  above 
its  boiling  point,  it  consists  of  a mixture  of  FeCl^  and  Fe^Cl^  (95) i but  at 
I3OO-15OO0  it  is  almost  all  FcCl^.  The  crystal  is  of  the  cadmium  chloride  typo 
(102),  in  which  each  Fo  atom  is  surrounded  by  six  Cl  atoms  at  the  corner^  of  a 


rguler  octahedron. 


Bromides  and  iodides  of  iron 


Lux  (76)  prepared  FeBr0,  FeBr-  and  Fel^.  The  FeBro  was  obtained  by  trect- 
u.-nt  of  iron  with  hydrogen  bromide  gas.  FcBr2  occurs  in  the  solid  state  as  green 
crystals  which  decompose  at  310°.  It  is  insoluble  in  water,  but  will  dissolve 
i!i  ammonium  hydroxide.  The  crystal  structure  is  of  the  lord  iodide  type  (59)  in 
which  each  Fa  atom  is  surrounded  by  six  Br  atorue,  FeBr^  was  prepared  by  heating 
iron  and  bromine  in  an  evacuated  tube.  It  is  a very  dark  red  deliquescent 
Solid,  which  does  not  melt.  It  sublimes  and  then  decomposes  above  20C°.  FeBr^ 
is  soluble  in  water,  alcohol,  and  ether,  and  only  slightly  soluble  in  ammonia. 

Fel^  was  prepared  by  heating  iron  wire  in  the  presence  of  iodine  vapor. 

The  crystals  arc  dark  brownish  red  when  they  are  freshly  prepared,  but  they 
become  grayish  when  exposed  to  air.  The  crystals  are  of  the  cadmium  iodide 
type,  m.  p.  177°.  They  are  soluble  in  water. 

Cobalt 


The  halides  of  cobalt  which  arc  available  are  CoClol  CoErol  and  Col0, 
all  of  which  wore  prepared  by  Biltz  and  Blrk  (3).  CoCIt  can  be  made  (57)  but 
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it  is  unstable  end  changes  to  CoCl^  in  light  or  in  p vacuum. 

CoCl^  was  preprrod  by  prehea.tlng  and  drying  cither  the  hydrrted  or  com- 
mercial C-o  Cl  at  150°,  end  then  trenting  it  with  chlorine  containing  hydrogen 
chloride,  at  a little  less  than  red  heat.  C0CI2  is  pale  blue,  m.  p.  735°*  P* 
1049°  (95).  It  is  soluble  in  water,  alcohol,  acetone,  methyl  acetate,  aceto- 
nitrile, e.nd  pyridine  (95)*  The  crystal  structure  has  six  Cl  atoms  about 
each  Co  etom  at  the  points  of  a regular  octahedron.  CoBr^  w?f)  prepared  by 
a procoss  analogous  to' that  for  CoCl^,  but  using  hydrogen  bromide  in  place  of 
hydrogen  chloride.  It  is  formed  as  a bright  green  powder  which  is  soluble  in 
water,  alcohol,  acetone,  and  methyl  acetate  (95).  The  m.  p.  is  678°  (95)  mi 
the  sp.  gr„  is  4. 91. 

Col^  was  prepared  by  heating  spongy  cobalt  in  a current  of  hydrogen  iodide 
for  4-5  hours  at  300°,  and  then  raising  the  temperature  to  a dark  red.  The 
spongy  cobalt  metal  wrs  obtained  by  heating  cobalt  oxalate  strongly  in  a stream 
of  hydrogen.  C0I2  is  black,  sp.  gr.  5*68,  and  it  is  soluble  in  water  and  slightly 
soluble  in  alcohol  and  acetone, 

Ni ckel 

The  three  htlides  which  are  available  wore  prepared  by  Biltz  and  Birk  (3). 

NiC^  was  prepared  by  heating  commercial  or  hydrrted  nickel  chloride  to 
150o,  then  heating  tho  dried  material  in  a chlorine-containing  KC1  stream  at 
£■  little  less  then  red  heat.  The  compound  sublimed  in  gold-colored  crystals, 
sp,  gr.  3.5.  It  is  soluble  in  ammonium  hydroxide  and  alcohol,  slightly  soluble 
in  water,  an  l ir  olubie  in  anhydrous  ammonia.  The  crystal  structure  (95)  is  of 
the  caimium  chloride  type,  in  which  each  Ni  atom  is  surrounded  by  six  Cl  atoms 
at  the  cornors  of  c.  regular  octahedron.  The  m.  p.  ir.  a.  sealed  tube  is  1000° 

(95). 

NiBr^  was  prepared  in  a manner  analogous  to  that  for  NiCl_. 


The  dried 
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coc.pound  wc.s  heated  in  a stream  of  hydrogen  bromide.  The  product  is  brownish 
yollow,  and  is  soluble  in  nlcohol,  ether,  and  ammonium  hydroxido,  and  only 
slightly  soluble  in  water.  The  crystal  structure  is  the  seme  as  for  NiCl0  (95)* 
Hil^  was  prepared  by  decomposing  the  hexammlne  of  Nilg.  The  hexammlne 
was  prepared  by  treating  an  aqueous  solution  of  Kil^  with  concentrated  ammonia, 
warming  the  solution,  and  then  cooling  it.  The  blue  nlckelous  hexnmminoiodld® 
was  deposited.  This  was  slowly  heated  from  60°  to  235°  to  drive  off  the  ammonia, 
(NiCl  end  NiBr  could  also  be  prepared  in  this  manner.)  Nil0  was  produced  °b 
a black  powder,  soluble  in  ’water  and  alcohol.  The  crystal  structure  is  the 
sane  as  that  of  Ni01o. 

ik. 

Manganese 

The  anhydrous  halides  of  manganese  which  have  boon  prepared  and  which  are 

available  are  MnCl0,  Mn3r0  and  Mnl  . Two  other  halides,  MnCl  and  MnCl, , have 

* *•  2 3 q’ 

been  mentioned  in  the  literature,  but  they  are  not  available  under  normal  lab- 
oratory conditions. 

Manganous  chloride 

MnCl0  was  prepared  by  Kharasch  and  co-workers  (69)  by  heating  hydrated 

c 

manganous  chloride  in  an  oven  for  eight  hour3  at  120  . This  procedure  was 
employed  in  the  present  investigation  rnd  gave  satisfactory  results. 

Sxpeii men ta 1-Hydra  ted  manganous  chxoride  was  heated  in  an  oven  for  two 
d'-ys  at  160°.  It  ’was  then  placed  in  an  ignition  tube,  in  a tube  furn-ce,  heated 
to  fualon  in  a stream  of  hydrogen  chloride  ga.s,  and  then  allowed  to  cool  with 
the  hydrogen  chloride  still  flowing.  Anal,  Calc'i.  for  MnCl  : Cl,  56.35.  Found: 

O 

■y.,  55.80,  55.93. 

The  anhydrous  salt  is  rose  colored.  According  to  the  literature  it  he.s 
sn,  gr.  2.977  (77),  m.  p.  650°>  end  b.  p.  1190°.  It  is  soluble  in  water  and 
alcohol  (95),  and  insoluble  in  ether  and  ammonia.  The  results  of  magnetic 
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susccptibi li  ty  studies  (7?)  indicate  thet  the  compound  is  pr ramagneti o , • but  the 
observed  paramagnetism  is  not  os  much  ns  would  he  observed  with  a compound  con- 
taining one  unpaired  electron.  In  the  vapor,  MnCl  ia  monomeric  (9^),  while 

2 

the  crystal  is  of  the  CdCl  type  (59). 

2 

Manganous  bromide 

“Oruce  (13)  prepared  manganous  bromide  by  adding  excess  MnCO  to  0 dry 

3 

alcoholic  solution  of  HBr,  The  crystp.ls  obtained  had  the  formula  MnBr0.  C^H^CH. 

When  they  were  warmed  in  2 stream  of  nitrogen,  anhydrous  MnEr  wos  formed.  The 

2 

compound  is  red,  sp.  gr.  4.39  (77),  soluble  in  water,  and  insoluble  in  ammonia. 
The  cryrtal  is  of  the  lead  iodide  type  (59).  Magnetic  susceptibility  measure- 
ments (??)  show  that  the  anhydrous  salt  has  ferromagnetic  properties  at  low 
temperatures . 

Manganous  1 odldo 

i-anga.nous  iodlae  was  prepared  by  Peters  (86)  by  dehydrating  the  hydrated 
salt  in  a vacuum  for  ten  days.  This  method  was  employed  by  us  with  good  results 
in  one  case  and  poor  in  another. 

Experl  men  tal-To  67.5  j>  '9.52  m./ivs)  of  sodium,  carbonate  in  700  ml.  of 
water  was  aided  150  g.  of  5 9 $ manganous  nitrate  solution.  The  precipitated 
manganous  carbonate  was  filtered  with  suction  and  washed  with  water.  To  the 
solid  manganous  carbonate  was  aided  350  6«  of  47$  hyiriodic  a.cid,  which  had 
been  previously  distilled  in  an  atmosphere  of  carbon  dioxide.  The  manganous 
iolide  crystallized  after  evaporation  of  sor»  of  the  water  on  ? hot  plate. 

The  crystals  were  filtered  through  a.  sintered  glass  filter,  recrystall i zei 
from  a small  amount  of  water,  filtered,  and  placed  in  a vacuum  desiccator 
for  10  days.  Anal.  Calc'd.  for  M'nl^:  I,  82.20.  Pound:  82.17,  81.92. 

The  anhydrous  salt  is  white,  pink  or  brown  depending  upon  the  length 
of  exposure  to  the  air-  Cur  product  was  pinkish  white  in  vacuum.  According 
to  the  literature,  when  heated  to  80°  the  compound  decomposes  and 
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fiv3s  off  inline.  It  is  soluble  in  wrtor  and  rmmcnir  rnd  hr  s svn  gr.  $.01.  The 
crystal  i3  of  the  Cdl^  typo  (59).  The  anhydrous  salt,  liko  the  bromide,  is 
f orromagnotic  (95). 

Chromium 

Biltz  rnd  Birk  (4)  prepared  and  analyzed  the  following  anhydrous  hrlides 

of  chromium:  CrCl0,  CrBr„,  Crl„,  CrCU,  CrBr  and  Crl„. 

^ ^ 2 3 3 3 

Chromic  halides 

Chromium  trichloride  can  be  propared  by  heating  chromium  metal  to  red  heat 
In  r stream  of  chlorine.  The  CrCl^  forms  as  violet  crystals  which  can  bo  sub- 
limed at  800-900°.  This  i s a rather  slow  process  for  preparation  of  any  very 
largo  quantity  of  the  halide,  and  the  temperatures  required  are  rather  high. 

This  is  prcba.bly  the  only  trustworthy  process,  however,  for  the  preparation 
of  CrCl^  of  high  purity.  The  chromium  metal  must  of  course  be  pure  and  free 
from  other  motrls  such  as  iron. 

Methods  for  the  preparation  of  CrCl^  from  hydrated  chromium  trichloride 
have  been  described.  Such  methods  would  have  the  advantage  of  ohcapness  of 
starting  materials,  and,  possibly,  of  allowing  the  rerction  to  bo  carried  out 
at  temperatures  low  enough  so  that  glass  equipment  could  be  employed.  In  our 
hands,  however,  such  methods  do  not  produce  pure  CrCl^.  The  Inorganic  Syntheses  (.M 
preparation,  for  oxax.plo,  gave  a product  which  did  not  analyze  correctly  for 
halogen,  and  was  contaminated  with  brown  material  which  volatilized  during 
at  tenets  to  sublime  the  CrCl  , 

3 

Bxperimental-A  500-itl.  distilling  flask  was  equipped  for  the  flash  distil- 
lation of  carbon  tetrachloride,  by  dropping  the  carbon  tetrachloride  from  a 
separatory  funnel  into  the  heated  flask.  The  carbon  tetrachloride  vapors  were 
then  passed  through  ?.  superheater  which  consisted  of  a coiled  glass  tube  in- 
serted in  boiling  water.  The  superheated  carbon  tetrachloride  vapor  was  passed 
Into  another  500-ml«  distilling  flask  which  contained  37  g.  of  hydrated  chromium 


trichloride.  This  rea.ction  flask  was  heated  in  a.  furnace,  and  100  g.  of  carbon 
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totra chloride  was  passed  in  at  the  rote  of  one  drop  every  2 seconds.  When  the 
temperature  of  the  furnace  became  about  650°  the  reaction  was  stopped.  Anal. 

Or  Ic'd,  for  CrCl  : Cl,  67.1k.  Found:  Cl,  5k. 22,  5k. k9.  An  attempt  was  rude 
to  sublime  tho  product,  but  difficulty  wag  encountered  with  large  amounts  of 
brown  material  with  which  it  was  contaminated. 

Since  ’’anhydrous  chromium  trichloride”  is  on  the  market  from  laboratory 
supply  houses,  we  have  al3o  investigated  the  purity  of  samples  of  such  material. 
Analysis  has  usually  shown  that  theso  products  are  not  CrCl^.  Furthermore, 
purification  of  such  mc.t,orials  by  sublimation  is  not  usually  possible,  because 
of  contamination  with  the  volatile  brown  impurity.  Ve  have  in  hand  now  a 
samplo  of  chromium  trichloride  from  the  Chcmdcnls  Procurement  Company,  and 
it  is  hoped  that  a satisfactory  sample  of  CrCl^  can  be  obtained  from  this 
material.  It  is  not  a pure  sample  (by  chlcrine  analysis),  but  the  amount 
of  volatile  Impurity  is  apparently  small  enough  that  purification  of  the 
sample  by  sublimation  may  be  possible. 


CrCl^  is  very  insoluble  in  water.  The  literature  states  that  it  may  be 
made  to  dissolve  by  adding  a 3ma.ll  amount  of  CrCl^,  or  by  treating  CrCl^  with 
n reducing  agent.  For  our  analyses,  the  sample  was  fused  with  Na^C0„,  CrCl 

^ 3 3 

i 8 also  insoluble  in  aqueous  acids,  acetone,  and  carbon  disulfide.  The  crystal 
structure  is  a layer  lattice  (59),  in  which  each  Cr  atom  is  surrounded  by  six 
Cl  atoms.  In  the  va.por  the  compound  is  monomeric  (77). 

CrBr^  was  prepared  (k)  by  heating  chromium  metal  in  e stream  of  bromine-con- 
taining nitrogen  for  3 hours  at  1100°.  The  product  was  brownish  green,  sp.  gr. 
k.25.  It  is  soluble  in  alcohol,  but  insoluble  in  water.  The  crystal  structure 
is  very  similar  to  that  of  CrCl^. 

Crl^  was  made  in  a corresponding  manner  (b).  Chromium  metal  was  heated  with 
iodine,  in  rn  atmosphere  of  nitrogen,  to  1200°,  The  product  was  then  heated 


to  200  in  a vacuum,  to  free  it  from  the  sublimed  iodine  which  it  contained. 
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Crl^  Is  brownish  green  In  color,  sp.  gr,  4.915*  It  is  soluble  in  alcohol  and. 
acetone,  but  insoluble  in  chloroform.  This  compound  is  difficult  to  keep, 
because  it  decomposes  on  standing. 

Phromous  halides 

Chromous  chloride  (CrCl  ) was  proparod  (4)  by  heating  chiomium  metal  in  a 

O 

stream  of  hydrogen  chloride  for  two  hours  at  1150-1200°.  The  product  was  a 

grayish  white  crystalline  material,  soluble  in  water,  slightly  soluble  in 

alcohol,  r.nd  insoluble  in  ether.  In  the  vapor  the  compound  is  a dimer  (9 5)* 

CrBro  and  Crl^  wore  prepared  (4)  by  reducing  the  corresponding  chromic  salts 

in  a hydrogen  bomb.  The  bromido  was  heated  to  350-400°,  and  the  iodide  to  300- 

350°.  The  reaction  took  from  6 to  10  hours  to  complete.  Chromous  bromide 

i s r.  white  solid  which  turns  to  a yellow  liquid  when  fu6ed  (95).  It  is  soluble 

in  water  and  alcohol  and  has  sp.  gr.  4.356.  CrI  is  grayish  white,  m.  p,  790° 

2 

and  sp.  gr.  5*2.  It  is  very  soluble  in  water. 

Vanadium 

The  halides  of  vanadium  vir  ch  have  been  prepared  are  VC12>  VCl^,  VCl^,  VBrol 
VBr3>  VI2  and  VI  . 

Vanadium  chlorides 

Vanadium  tetrachloride  was  prepared  by  Mertes  (78)  by  passing  air-free 
chlorine  over  heated  f erro-^anadlum  in  a reaction  tube.  As  the  VC 1^  was  formed 
it  distilled  out  of  the  reaction  tube,  ^nd  vfo.s  collected  in  a receiver.  Some 
FeCl^  is  produced  in  fchi?  reaction,  and  it  sometimes  causes  difficulties  in 
the  purification  of  the  product.  The  use  of  pure  vanadium  metal  instead  of 
f orro-vanadium  eliminates  this  difficulty.  This  is  the  procedure  which  wo 
have  employed,  with  good  rosults, 

Experlmental-In  a Pyrex  No.  172  ignition  tube,  (a  Vycor  tube  would  bo 
preferable)  which  had  previously  been  heated  in  a furnace  Pnd  cooled  in  a 
stream  of  dry  carbon  dioxide,  there  was  placed  '<0  g.  of  99,7^  pure  vanadium 
metal  (Vano.dium  Corporation  of  America).  I'ry  chlorine  gas  was  allowed  to 
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displace  the  carbon  dioxide  and  the  furnaco  was  thon  heated  to  red  heat  with 
the  chlorino  flowing.  The  vanadium  tetrachloride  distilled  into  a collecting 
flask  which  was  attached  to  the  end  of  the  Pyrex  tube,  and  which  was  cooled  in 
en  ice  bath.  Approximately  72  g.  of  crude  vanadium  tetrachloride  was  obtained 
from  a reaction  which  took  seven  hours.  Approximately  10  g,  of  unused  vanadium 
metal  was  recovered  from  thG  reaction  chamber.  The  vanadium  tetrachloride  was 
purified  by  distillation  from  a.  Claisen  flask  in  an  apparatus  protected  by  a 
drying  tube.  A "frog"  was  used  to  cut  the  fractions,  in  order  to  allow  no 
moisture  go  enter  the  apparatus.  The  fraction  boiling  between  151-153°  was  the 
product  fraction. 

Vanadium  tetrochlori  da  is  a reddish  brown  liquid  which  hydrolyzes  rapidly, 
m.  p.  -28°,  b.  p.  152°,  sp.  gr.  1.8l6  (95).  The  compound  is  unstable  on  standing, 
since  it  dissociates  into  VC1  and  Cl^  (95).  Magnetic  susceptibility  measure- 

3 

monts  show  that  the  VCl^  molocule  has  one  unpaired  electron  (77).  In  the  vapor 
it  is  monomeric,  but  dissolved  in  CC1.  it  is  p dimer.  Electron  diffraction 

*4* 

studies  (95)  indicate  that  the  molecule  has  a regular  tetrahedral  structure. 

In  water  VCl^  is  decomposed  to  HCI  and  VOCl^.  while  it  is  soluble  in  absolute 
alcohol,  ether,  chloroform,  and  acetone. 

Vanadium  trichloride  was  prepared  by  Simons  and  Powell  (96)  by  heating 
VC-1^  to  lhO°  in  an  atmosphere  of  aerbon  dioxide  for  one  week.  This  preparation 
we  found  to  be  satisfactory. 

Expert mental-A  round  bottom  flask  with  a side  arm  was  fitted  with  a 
Friedrichs  condenser  and  a thermometer  which  extended  to  the  bottom  of  the 
flask.  The  flask  was  filled  half  full  of  freshly  distilled  VC-1,  and  the  ap- 
paratus  ilushod  with  carbon  dioxide  nni  maintained  thereafter  under  n pressure 
of  about  5 p.s.i.  of  0Co,  while  the  contents  were  heated  to  lhO°  for  ten  days. 


•ft 
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Anal.  Oalc'd.  for  VC1  : 


Cl,  67.63.  Found: 


Cl,  66.66,  67.07 
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VC-1  is  ? violet  solid  which  is  very  hygroscopic.  Upon  heating  it  does 

net  melt,  hut  disoroportionates  into  VC1  and  VC1,  (95).  The  crystal  is  a layer 

2 *4- 

lattice  similar  to  CrCl^  in  which  each  vanadium  atom  is  surrounded  by  six 
chlorine  atoms.  VCl^  is  very  soluble  in  water,  with  which  it  reacts  to  form 
oxychlorides.  It  is  soluble  in  alcohol,  acetic  acid,  and  ether,  and  in- 
soluble in  chloroform,  toluene  and  carbon  disulfide. 


Vanadium  di chloride  was  prepared  by  Ruff  and  Lickfett  (9l)  by  heating  VCl^ 

to  800°  in  a stream  of  pure  dry  nitrogen  gas.  The  VCl^  di sproportionates  to 

VC1„  and  VC1,  , and  the  VC1,  la  distilled  out  of  the  reaction  vessel,  leaving 
2 4 4 

the  di  chloride  as  greon  crystals.  This  method  was  used  in  the  present  work. 

Experimental-Anhydrous  vanadium  trichloride  was  placed  in  e Vycor  tube 
and  heated  to  80C°  in  a stream  of  pure  dry  nitrogen  gas.  After  4 hours  all 
of  the  vanadium  trichloride  had  been  converted  to  the  dichloride,  which  was 
left  as  shiny  bright  greon  crystals.  Anal.  Talc’d,  for  VC19:  Cl,  58.20. 

Found:  Cl,  58.02,  58.04,  58. 05. 

The  solid  VClgt  on  standing  in  air,  takes  up  water  quite  slowly..  When 
it  is  placed  in  water  the  crystals  rre  not  wet  by  the  water,  and  dissolve 

o 

slowly,  V01o  is  insoluble  in  ether.  It  can  be  sublimed  by  heating  above  1000 

(95). 

Vanadium  bromides 

Vanadium  tribrom.ile  was  prepared  by  Meyer  end  Beckr.  (79)  by  the  action  of 
bromine  on  powdered  metallic  vanadium..  The  reaction  started  at  40°  and  the 


product  could  be  sublimed  without  dissociation.  VBr^  is  r da.rk  gray,  deliquescent 
powder,  which  is  soluble  in  water,  alcohol,  end  ether,  and  insoluble  in  H3r. 

Ephraim,  end  Amm.enn  (15)  obtained  light  reddish  brown  crystals  of  vanadium 
dibromide  by  carefully  reducing  VEr^  in  a stream,  of  hydrogen.  The  compound  has 
sp,  gr,  4.58,  and  a structuro  (59)  similar  to  cadmium,  iodide,  in  which  each 
vonadium.  ptom  is  surrounded  by  six  bromine  atoms. 
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Vanadlurr,  Iodides 

Koretto  (93)  prepared  two  vanadium  iodides,  VI  and  VI  . Vanadium  Pnd 

6 __  J 

iodine  heated  in  a vacuum  above  150°  yielded  VI  , and  when  this  was  heated  above 
o 

280  it  dissociptod  into  VI  *>nd  iodino.  If  there  wae  an  excess  of  iodine 

2 

present,  VI0  would  combino  with  it  to  reform  VI  above  300°.  Vanadium  triiodido 
is  a black  powder,  sp.  gr.  4.2,  which  is  very  hygroscopic.  It  is  soluble  in 
wpter  and  ethyl  alcohol,  and  is  insoluble  in  benzene,  carbon  tetrachloride, 
and  carbon  disulfide.  Vanadium  diiodido  * ■-  violet-rose  colored  solid  with 

sp.  gr.  5.0,  which  is  wetted  with  difficulty  by  water,  in  which  it  dissolves 
slowly.  VIn  is  soluble  in  ethyl  alcohol,  but  not  in  benzene,  carbon  tetra- 
chloride  cr  carbon  disulfide.  This  compound  can  be  sutlimed  at  750-300  , 
but  it  dissociates  to  a large  extent  into  vanadium  and  iodino. 

Ti tanium 

The  halides  of  titanium  which  have  been  prepare!  are  TiClo,  TiCl^,  TiC-l^, 
TiBr2,  TiBr3>  TiBr4,  Til„,  Til3  and  Til^. 

Titanium  chlorides 

Titanium  tetrachloride  is  readily  available  commercially  at  a fairly  low 
price.  It  has  been  made  (95)  by  heating  titanium  metal  in  sn  atmosphere  of 
chlorine,  or  more  economically  by  heating  titanium  dioxide  and  carbon  to  red  heat 
in  an  atmosphere  of  chlorine.  It  can  be  purified  by  fractional  distillation. 
TiCl^  is  a colorless  liquid,  sp.  gr.  1.726,  m.  p.  -39°,  b.  p.  136\  It  is 
hydrolyzed  by  water  or  moist  p.ir  in  which  it  gives  off  dense  white  fumes.  In 
the  vc per  stet-:  it  is  monomeric  (95). 

TiCl^  was  'prepared  by  Schumb  and  Sundstrom  (94)  by  the  reduction  of  TiCl^ 
with  hydrogen  at  650°.  The  product  is  black  in  color,  but  on  exposure  to  moist 
air  it  becomes  violet.  TiCl^  will  not  melt,  but  will  decompose  at  440°.  It 
is  soluble  in  water,  and  is  quite  stable  to  exposure  to  the  air.  The  crystal 
structure  (?l)  is  hexo.gonal  close  packing  in  which  each  Ti  atom  is  surrounded 
by  six  chlorine  atoms. 


-it'  ■S'-cQ 


TiCl  was  prepare!  (94)  by  heating  TiCl  in  n vacuum.  The  TiCl^  formed 
was  collected,  in  the  end  of  the  tube,  leaving  the  TiCl^  rs  residue.  The  di- 
chloride i«  black,  sp.  gr.  ?.13.  It  is  unstable  in  air,  in  which  it  oxidizes 
violently.  It  is  decomposed  in  water,  and  is  insoluble  in  carbon  disulfide, 


other,  or  chloroform. 


Titanium  bromides 


Tho  preparation  of  TiBr^  and  TiBr^  is  described  by  Yeung  and  Lenders 
(109,109).  TiBr^  was  prepared  by  heating  TiC^  and  carbon  in  a stream  of  bromine 
vapor  carried  by  nitrogen  or  carbon  dioxide.  The  product  could  be  purified  by 
distillation.  TiBr^  I3  ?n  amber  colored  solid,  m.  p.  39C , b.  p.  230°  (7?).  It 
decomposes  in  water,  but  it  is  soluble  in  chloroform,  absolute  alcohol,  absolute 
ether,  carbon  tetrachloride,  hydrobromic  acid,  and  hydrochloric  acid.  In  the 
vapor  TiBr^  is  monomeric  (95). 

TiBr  was  prepared  (109)  by  reducing  TiBr.  with  hydrogen  at  75°°*  This  pre- 

3 4 

prrotion  does  not  give  very  large  amounts  of  product  although  the  yield  is  high 
since  any  unreectcd  TiBr^  can  bo  recovered.  TiBr_  is  a black  compound  which 
becomes  violet  when  exposed  to  moisturo.  It  is  soluble  in  water,  and  when  heated 
to  400°  in  a vacuum  will  disproportionate  to  TiB^  and  TiBr^. 

TiBr^  was  prepared  by  Young  and  Schumb  (110)  by  disproportionation  of  TiBr^. 
It  is  a black  powder  which  is  very  roa.ctive.  It  catches  fire  when  exposed  to 
moist  air,  and  when  it  is  dissolved  in  water,  there  is  evolution  cf  hydrogen. 

On  heating,  TiBr^  will  decompose  into  titanium  Rnd  titanium  tribromJde. 

Titanium  iodides 

Fast  (l6)  prepared  the  throe  iodides  of  titanium  which  arc  known.  Ti I was 

*4- 

prepared  by  tho  reaction  of  iodine  and  an  excess  of  titanium  at  room  temperature. 

When  the  reaction  was  complete  tho  reaction  flask  was  her  tod  to  190°  and  pure 

Til  was  condensed  into  another  bulb.  Til,  is  a red  solid,  m.  p,  150°,  b.  p. 

4 4 

above  360  (77).  It  is  soluble  in  water,  and  monomeric  in  the  v^por  (45).  Til„ 

w^s  prepared  by  heating  a mixture  of  Til  and  T‘  T+-  < " - onlid  which  is 
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iocorr, posed  by  water.  Til  was  prepared  by  heating  a mixture  of  Til  and  Til-, 

3 4 c 

for  several  hours  at  700°,  cooling  slowly,  and  removing  excess  Til^  by  heating 
to  180°.  Til  ia  a violet  solid  which  dissolves  more  slowly  in  water  than  the 
other  two  iodides.  When  heated  in  a vecuum  Til  will  disproportionate  to  give 
the  other  two  iodides. 

Scandium 

Only  two  scandium  halides  are  available,  the  trichloride  and  the  tri- 
bromide.  Scandium  trichloride  was  prepared  by  Meyer  and  Winter  (8l),  by  the 
action  of  a mixture  of  the  vapor  of  sulfur  chloride,  3^01^,  and  chlorine  on 
the  heated  oxide.  It  is  a white  solid  which  melts  at  939°  (77),  and  dissolves 
in  water.  It  is  insoluble  in  absolute  alcohol.  It  can  be  sublimed  at  a tem- 
perature between  800  and  850c  (77).  The  crystal  structure  (?l)  of  scandium 
trichloride  is  the  same  as  that  of  ferric  chloride,  which  is  hexagonal  close 
packing  with  six  molecules  per  unit  cell. 

Honigschmid  (58)  prepared  scandium  tribromiio  by  heating  a mixture  of 
scandium  oxide  and  carbon  in  a stream  of  bromine,  and  resublimlng  in  a vacuum.. 
It  sublimes  above  1000°  (77).  sp.  gr.  3»91« 

Copper 

Cuprous  halides 

Anhydrous  cuprous  chloride,  bromide,  and  iodide  have  been  prepared.  The 
preparation  of  the  chloride  and  bromide  is  described  by  Keller  and  Wycoff  (67), 
A solution  of  cupric  chloride  wr 3 treated  with  sodium  sulfite,  and  the  pre- 
cipitated cuprous  chloride  was  wahed  with  glacial  acetic  acid,  absolute 
alcohol,  and  absolute  ether.  Analysis  of  the  product  showed  the  correct 
copper  and  chlorine  content.  Cuprous  bromide  was  prepared  by  the  same  method, 
but  no  analysis  is  given  for  the  product.  Anhydrous  cuprous  chloride  is  a 
white  solia.,  m.  p.  430°,  b.  p.  1367°  (95),  sp.  gr.  3 • 5 3 • It  is  soluble  in 
hydrochloric  acid,  ammonium  hydroxide,  and  alcohol,  and  slightly  soluble  in 
water.  In  the  vapor  it  is  dimeric  (95),  but  not  in  the  crystal  (59).  The 
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latter  is  of  tho  zinc  blcni  type  in  which  each  Cu  atom  has  four  Cl  atoms  as 
nearest  neighbors  and  each  Cl  atom  has  four  Cu  atoms  as  nearest  neighbors. 

Anhydrous  cuprous  bromide  is  a pale  greenish  yol3  'w  solid,  sp.  gr.  A. 73, 
m.  p.  h.83°»  b.  p.  13^5°.  It  is  insoluble  in  water  or  acetone,  but  will 
dissolve  in  hydrochloric  acid,  hydrobromic  acid,  end  ammonium  hydroxide.  In 
the  vapor  it  is  dimerized  (95)#  but  in  the  crystal  (59)  it  has  the  zinc  blende 
arrangement  Ilka  cuprous  chloride.  Cuprous  iodide  was  prepared  (77)  by  dissolving 
CuSO^  in  wator,  saturating  tho  solution  with  sulfur  dioxide,  and  adding  potassium 
iodide.  It'  sottled  out  as  a.  pale  yellow  solid  which  could  be  dried  in  a vacuum 
desiccator.  The  pure  compound  is  white  with  m.  p.  5SS°»  b.  p.  1293°  (77)»  It 
1 s soluble  in  aqueous  potassium  iodide,  but  is  insoluble  in  alcohol,  aqueous  acids, 
and  water. 

Cupric  halides 

Wells  (101)  described  the  preparation  of  anhydrous  cupric  chloride  by 
heating  the  dihydrate  to  a moderate  temperature  in  a stream  of  hydrogen  chloride 
gas.  He  gave  no  analys  i 3 v>  1* C product.  OuCl^  *8  a brownish-yellow  powder, 

m.  p.  h98°  (95) » sp.  g r.  3*05^.  If  heated  to  993°  it  will  lose  chlorine,  forming 
the  cuprous  salt.  It  1b  soluble  in  wator  and  alcohol.  The  crystal  is  compose! 
of  a series  of  chains  in  which  each  copper  -'tom  is  surrounded  by  four  chlorine 
atoms  and  each  chlorine  atom  has  two  copper  atoms  as  nearest  neighbors.  Carter 
-•~nd  Megson  (9),  and  Helmholtz  (55)  have  prepared  anhydrous  CuB^  by  slow 
evaporation  of  solutions  of  the  salt.  Neither  of  these  papers  gives  analyses 
of  the  products  obtained.  CuBro  is  ? black  crystalline  solid,  m.  p.  A99°. 

When  heated  to  red  heat  it  broakB  up  into  cuprous  bromide  and  bromine.  It  is 
soluble  in  water,  ammonia,  alcohol,  and  acetone,  and  insoluble  in  benzene. 

The  crystal  structure  (77)  is  very  similar  to  that  of  cupric  chloride.  Cupric 
iodide  is  so  unstable  that  efforts  tc  prepare  it  give  only  cuprous  iodide  and 
iodine  (95). 
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IV.  EXPITvI MENTAL  DATA  ON  REACTIONS  0?  HALIDES  O’7-  SOME  3d  TRANSITION 

ELEMENTS  WITH  JvSNYLL I T^TI DM 


■Preparation  of  Phenylli thium 


In  all  the  reactions  'between  phenyl 1 i thium  and  the  anhydrous  halides  of 
the  transition  notals  the  phenyllithium  solution  was  prepared  in  the  following 
manner*  A three-necked  flr-sk  fitted  with  a mechanical  stirrer,  a reflux  con- 
denser and  a dropping  funnel  was  so  arranged  that  it  could  be  kept  under  an 
etmoophore  of  nitrogen.  To  4.0  g.  (0.57  g-  stem)  of  lithium  metal,  cut  into 
small  pieces  and  placed  in  165  ml.  of  dry  ether,  there  v/ps  added  p.  solution  of 
41.5  g.  of  bromobenzene  ir.  65  ml.  of  ether,  at  such  r rate  that  steady  reflux 
was  maintained.  After  the  addition  was  complete,  the  solution  w«e  stirred  for 
an  additional  hour.  The  6tirring  was  then  stopped  and  the  solid  moterial  was 
allowed  to  settle  out.  The  clear  solution  was  decanted  through  glass  wool, 
under  nitrogen,  into  a calibrated  dropping  funnel.  A 2-rr.l.  aliquot  of  the 
phenyll i thium  solution  wcs  pipetted  into  water  pnd  titrated  with  0.1  N sulfuric 
acid,  with  phenolphthalein  as  indicator.  In  most  cases  the  solutions  thus 
prepared  wero  approximately  1 M, 

General  Procedure  for  Reaction  Of  Phony Hi thium  wi th' Anhydrous  Halides 
A Solution  or  suspension  of  the  anhydrous  halide  in  100  ml.  of  '’thar  was 
placed  in  a three-necked  flask  equipped  with  a reflux  condenser,  a calibrated 
dropping  funnel,  and  an  all-glass  mechanical  stirrer  with  0 semi-circular 
blade  which  fitted  the  contour  cf  Ihe  bottom  of  the  flask.  This  stiver  blade 
was  necessary  for  efficient  stirring,  since  there  were  heavy  solids  settling 
out  of  the  reaction  mixtures  in  many  cases.  The  phenyl li'o hi um.  wras  added  from 
the  dropping  funnel.  The  course  of  the  reaction  was  followed  as  described  in 
the  section  below.  When  the  reaction  was  complete  the  reaction  mixture  was 
hydrolyzed  by  pouring  it  into  m ice-cold  ammonium  chloride  solution.  The 
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la.yor  wra  «xtrrctod  with  ether.  The  organic  layer  and.  ether  extr;  cts  wore 
dried  with  Driorite,  and  the  advent  was  removed  on  a steam  bath.  In  °11 
ccses  biphenyl  w<-  a the  only  product  recovered  from  these  reactions. 

Methods  of  Determining  the  Stoichiometry 
The  methods  employed  for  following  the  course  of  such  reactions  as  these 
include  color  tests,  titrations,  and  enrbonation.  We  employed  the  Michler's 
ketone  color  test  or  acid-b?3e  titration  of  the  reaction  mixtures  after 
hydrolysis,  or  both. 

The  Michler's  ketone  test  (23)  Is  a aensitive  color  teat  for  active  or 
moderately  active  org'-ncmetelllc  compounds.  It  is  positive  for  phenylli thium, 
but  r positive  test  would  not  be  expected  from  such  orgnnemo  bailie  compounds 
as  might  bo  formed  from  transition  metals,  since  these  should  be  relatively 
unrsactive  in  addition  to  the  carbcnyl  double  bond.  The  course  of  a reaction 
involving  phenylli thium  and  nn  inorganic  halide  con  therefor* i,  be  followed  by 
adding  standardized  phenylli thium  in  increments , making  a color  test  °fter 
each  addition,  and  determining  the  amount  of  phenylli thium  necessary  to 
produce  a.  positive  test.  The  t-'st  is  quite  sensitive,  and  is  produced  by 
a rather  em°ll  excess  of  phenylli thium.  The  main  drawback  to  such  a pro- 
cedure, which  is  quite  similar  to  n titration,  is  that  the  eni  of  a reaction 
may  '05  approached  quite  slowly,  because  of  the  low  concentrations  of  reactants 
present  near  the  end  point.  In  the  presence  of  met- Is  whose  ions  "re  greenish 
or  bluish  in  water  solution,  the  test  cannot  be  used.  On  the  other  hand,  it 
is  interfered  with  by  very  few  organic  substances,  'T.d  is  rather  specific  for 
organomotrllics  of  the  typos  mentioned. 

In  the  titration  procedure,  there  is  '■■dded  an  excess  of  standardized 
phenylli thium  solution,  and  thereafter  aliquots  of  the  reaction  mixture  arc. 
withdrawn  from  time  to  time,  hydrolyzed  with  water,  and  titrated  with  stad-d^vi 
sulfuric  acid  solution.  In  this  cose,  since  excess  reagent  is  present,  the 
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specific  for  r.n  active  orgnnom eta.llic  such  r.s  phenyllithium,  and  °ny  basic 
material  present  will  be  titrated.  Thus  it  is  necessary  to  interpret  the 
results  with  duo  consideration  of  what  ba sic  substances,  other  then  lithium 
hydroxide,  might  b9  formed  during  hydrolysis.  Other  difficulties  encountered 
rrc  those  which  would  in  general  be  expected  in  acid-base  titrations  in  which 
there  are  present  various  transition  metal  ions— buff ering  effects,  color 
interference  with  visual  indicators,  and  so  on. 

Re*>c*d ons  of  Phcnylli  thium  with  Anhydrous  Halides 

■React lop  of  vanadium  trichloride  wl th  Phenvlll thium 
Tho  phenyllithium  solution  w»s  ndded  to  7.0  g.  (0.041  mole)  of  vanadium, 
trichloride  in  100  ml,  of  ether,  over  a period  of  45  minutes.  A total  of  0.27 
moles  of  phenyl 11 thium  were  added.  Color  tests  coull  not  be  used  in  this  ex- 
periment because  of  the  green  color  of  tho  vuiadyl  ion  which  interfered  with  the 
test.  Titration  of  hydrolyzed  aliquits,  using  a pH  meter  to  Ict^rmino  the 
end  point,  was  the  procedure  employed. 

The  reaction  mixture  was  heated  to  reflux  for  four  days,  rftcr  which  it 
wa  s hyirolyzod  «=nd  worked  up  as  described  abov  5.  The  titrations  showed  that 
O.16  molo3  of  phenylii thium  had  been  used,  or  that  7.99  moles  of  phenyl li thium 
were  used  fer  each  mole  of  vanadium,  trichloride.  Removal  of  the  solvent 
from  tho  orgrric  layer  gave  8.0  g.  of  crude  biphenyl,  m.  p.  62-66°.  The 
color  of  the  reaction  mixture  varied  from  brown,  after  tho  addition  of  one 
equivalent  of  phenylii thium,  to  purple,  which  wos  tho  color  of  the  reaction 
mixture  after  the  addition  of  more  t'"°n  one  equivalent  of  ohen.yi.l i thium. 

This  reaction  was  repeated  twice,  using  the  snnc  amounts  of  material,  with 
simil°r  results.  The  yields  of  crude  biphenyl  were  11. 5 nna  6.0  g. , anl  the 
titrations  showed  phcnylli thiuir.-vanadium  trichloride  molar  ratios  of  4.0?  •” nd 
7.98  respectively.  This  reaction  vrs  rlso  run  "t  the  temn  r"turu  of  an  ice-s'lt 
tv-' th  for  5 hours,  th  > mixtur;  work:  i up  • a usu"  1 . R ir.cv-'l  of  *J.  •'  solv  -nt 
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uni  or  reduced  pressure  yielded  6.5  g.  of  crude  "biphenyl,  m.  p.  6.3-66°. 

Reaction  of  vanadium  ai chloride  wl th  phenylll thlum 
The  phc.iyllithium  solution  was  added  to  3*6  g.  (.030  ir.cles)  of  vanadium 
dichloriio  in  100  ml.  of  ether.  A total  of  q.6  equivalents  of  phenyl li thiuxn 
was  added  to  tho  venrdium  dichloride  suspension.  No  noticeable  amount  of  heat 
was  evolved,  «ni  the  color  did  not  change  from  the  original  green.  The  reection 
mixture  was  then  refluxed  for  a total  of  10  days.  Titrations  of  aliquots  taken 
during  the  course  cf  the  reaction  indicated  that  the  vanadium  dichloridc  re- 
acted very  slowly.  A final  titration  showed  that  2.62  moles  of  phenyl lithium 
had  reacted  with  each  mole  cf  vanadium  dichloride.  There  appeared  to  be  a large 
amount  of  unre^cted  vanadium  dichloride  in  the  reaction  mixture.  There  was 
isolated  2.3  g.  of  crude  biphenyl,  m.  p.  63-66°,  recovered  from  the  dried 
organic  layer  after  hydrolysis  and  working  up  cf  the  reaction  mixture. 

Reaction  of  vanadium  tetrachloride  wj  th  phenylll thium 
The  phcnyllithium  was  a dded  to  7.3’ g.  (0.04  moles)  of  vanadium  tetrachloride 
in  IOO  ml.  of  ethor.  The  reaction  was  quite  vigorous  when  phenylll thium  wee 
added  to  the  vanadium  tetrachloride  solution.  The  solution  wag  originally  f 
dark  brownish  red,  but  it  turned  green  after  the  addition  of  one  equivalent  and 
then  back  to  brown.  A light  brown  solid  settled  on  the  inner  surface  of  the 
flask.  After  two  equivalents  the  color  wag  brown.  The  reaction  mixture  then 
darkened  steadily,  until  after  7.6  equivalents  had  been  added  it  w>s  black 
with  a purple  tinge.  The ^mixture  was  heated  to  reflux  for  three  dEys.  Aliquots 
were  periodically  hydrolyzed  and  titrated,  using  a pK  meter  to  determine  the 
end  point.  A final  titration  showed  that  4.59  moles  of  phcnyllithium  reacted 
with  each  mole  of  vanadium  tetrachloride.  The  reaction  mixture  w^s  hydrolyzed 
on  ice  cold  ammonim  chloride  and  worked  up  as  above.  The  dried  organic  layer 
yielded  7.0  g.  of  crude  biphenyl,  m.  p.  60-64°. 
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Reaction  of  manganous  chloride  with  phenylli thium 

The  phenylli  thiura  solution  w»s  added  to  5.0  g.  (O.OhO  rr.oles)  of  mange  nous 
chloride  in  100  ml.  of  ether.  The'  color  of  the  manganous  chloride-ether  sus- 
pension was  pink  before  tho  addition  of  phenylli thium.  As  the  addition  continu- 
ed the  color  changed  from  pink  through  brown  to  t»n.  After  15  minutes  it  be- 
came yellow,  and  there  was  slight  refluxing.  A M^chler’s  ketone  color  test  was 
positive  after  the  addition  of  0.9  equivalent  of  phenylli  thium.,  but  after  stir- 
ring for  an  hour  end  a ha.lf  a color  test  was  negative.  After  the  addition  of 
1.25  equivalents  of  phenylli thium  the  color  of  tho  reaction  mixture  was  bright 
yellow,  and  a color  test  was  positive.  The  mixture  was  refluxed  »nd  stirred 
for  two  da.ys.  Color  tests  were  all  positive  during  this  time.  An  aliquot  was 
hydrolyzed  and  titrated  and  showed  th-t  .039  moles  of  phenylli thium  were  used 
or  that  0.98  moles  of  phenylli thium  reacted  for  each  mole  of  manganous  chloride. 

The  reaction  mixture  was  filtered,  hydrolyzed  and  worked  up  as  before. 

The  filtered  solids,  when  allowed  to  become  dry  on  the  filter  paper,  decomprsei 
with  the  evolution  of  heat  and  dense  white  fumes.  No  open  flame  was  observed. 
Removal  of  the  solvent  from  the  dried  organic  layer  gQve  2.3  grams  of  crude 
biphenyl,  m.  p.  63-66°. 

This  experiment  wet  repeated  using  7*5  (0.059  moles)  of  manganous 

chloride,  to  which  was  added  0.2h  moles.'  of  phenylli  thium.  The  color  changes 
were  the  same  except  that  with  this  excess  of  phenylli thium  the  reaction  mix- 
ture became  slightly  greenish.  The  progress  of  the  reaction  was  followed  by 
hydrolyzing  aliquots  «ni  titrating  them  with  0.2  N sulfuric  acid,  using  a pH 
meter  to  determine  tho  end  point.  After  3 days  the  titrations  showed  that  0.06 
moles  of  phenylli thium  h~d  been  used  or  that  1.00  mole  of  phenylli thium  reacts 
with  each  mole  of  manganous  chloride.  After  hydrolysis,  distillation  of  the 
dry  ether  layer  gave  3*5  g.  of  crude  biphenyl,  m.  p,  6h-6?°» 
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Another  reaction  was  conducted  st  the  temperature  of  on  ico-srlt  both. 
Manganous  chloride  used  was  12  g.  (.087  moles).  After  5 hours  an  aliquot  was 
xiydrolyzed  and  titrated,  and  it  showed  that  only  0.28  moles  of  phony  Hi  thium 
riveted  with  e^ch  mole  of  manganous  chloride.  The  reaction  mixture  was  hydrolyz- 
ed and  worked  up  rs  before.  The  dried  other  layer  was  distilled  under  reduced 
pressuro  to  yield  1.5  g.  of  crude  biphenyl,  m.  p.  6l-6h°. 

Reaction  of  manganous  bromide  with  phenyl li thlur 
The  phenylli thium  solution  was  pdded  to  12.  h g.  (O.O58  moles)  of  manganous 
bromide  in  100  ml.  of  ether.  Before  the  addition  of  phenyl  1 i thiurr.  the  manganous 
bromide-ether  suspension  was  trn,  but  after  the  addition  of  a few  ml.  of  phenyl- 
lithium  the  color  changed  to  green.  Slight  refluxing  occurred.  A dark  green 
solid  formed  on  the  side  of  the  reaction  flask  where  the  phenylli thium  was  enter- 
ing the  flask.  A Michlor's  ketone  color  test  was  negative  after  the  addition  of 
0.9,  1.1,  and  1 . 9. equivalents  of  phenylli thium.  A positive  test  w»s  obtained 
after  tho  addition  of  2,1  equivalents  of  phenylli thium  and  the  test  remained 
positive  after  refluxing  the  mixture  for  one  day.  An  aliquot  was  titrated  with 
0. 1 N sulfuric  a.cid,  using  phenolphthalein  as  indicator.  This  showed  that  1.75 
moles  of  phenylli thium  had  reacted  with  each  mole  of  manganous  bromide.  The  re- 
action mixture  was  green,  with  rust-colored  solid  in  it.  The  solids  were  filter- 
ed and  the  filtrate  was  hydrolyzed  rnd  worked  up  as  usual.  The  filtered  solid, 
when  dry,  decomposed  with  the  evolution  of  heat  rr.i  dense  white  fumes.  A sample 
of  the  residue  from  the  decomposition  gave  a positive  test  for  carbon.  Distil- 
lation of  the  dried  organic  layer  gave  3- Q <?.  of  crude  biphenyl,  m.  p.  67-68°. 

This  experiment  w s repeated.  The  color  changes  in  the  reaction  mixture 
wore  the  a a me.  Color  tests  were  not  used,  but  aliquots  were  hydrolyzed  and 
ti tret ad  to  determine  the  progress  of  the  reaction.  After  three  days,  titrations 
showed  that  I.56  moles  of  phenylli thium  reacted  with  each  mole  of  manganous 
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Eo&ction  of  ferrous  chloride  with  phenylli thium 
Tho  phanylli  thiuir.  solution  was  added  to  9.5  g,  (0.07k  moles)  of  ferrous 
chloride  in  100  ml.  of  ether.  The  ferrous  chloride  solution  was  greenish  yellow 
before  the  addition  of  phenyllithiuir,  but  become  darker  and  finally  black  after 
r few  ml.  had  been  added.  Titration  of  hydrolyzed  aliquots  of  the  reaction 
mixture  gave  inconsistent  results,  so  color  tests  were  used  to  determine  the 
amount  of  phenylli thium  used.  The  reaction  mixture  was  heated  to  reflux,  and 
color  tests  were  taken  ?t  appropriate  intervals  during  the  addition  of  phenyl- 
lithium.  The  tests  were  all  negative  after  allowing  the  reaction  mixture  to 
run  for  a few  hours  after  each  addition.  A total  of  0.23  moles  of  phenyllithiuir. 
was  added,  end  after  3 days  r-.  color  tost  was  negative,  showing  that  more  than  3 
equivalents  of  phenyllithiuir.  reacted  with  each  mole  of  ferrous  chloride. 

Tills  experiment  wps  reported  with  6.6  g.  (0,0.52  moles)  of  ferrous  chloride. 
A negative  color  test  was  obtained  after  k.7  equivalents  of  phenyllithiuir.  had 
been  added.  This  was  after  fifteen  days  in  which  the  reaction  mixture  was 
stirred  auvd  refluxed  during  the  day  end  allowed  to  stand  at  night.  A total 
of  5-6  equivalents  cf  phenyllithiuir.  was  then  aided,  and  after  days  of 
similar  treatment  a color  teat  was  still  positive. 

A third  experiment  v*  s performed  in  which  0.2k  moles  of  phenyllithiuir.  was 
added  tc  C. l6h  moles  of  ferrous  chloride.  The  reaction  mixture  was  refluxed 
for  six  hours  and  a color  test  w°s  negative.  The  reaction  mixture  was  hydrolyz- 
ed on  an  ice  cold  ammonium  chloride  solution,  and  workei  up  as  usual.  The 
dried  organic  layer  yielded  15. 0 g.  of  crude  biphenyl. 

Reaction  of  ferric  chlori de  wl th  phenyl 11 thl urn 
The  phenylli  thium  solution  w' 3 a -tied  to  9.0  g.  (0.055  moles)  of  ferric 
chloride  in  125  ml.  of  other.  The  ferric  chloride  solution  was  initially  brown. 
After  the  r idi ti on  of  a few  ml.  of  puenylli thium,  r yellow  solid  settled  from 
the  rc-ctlon  mixture,  while  the  other  solution  remain  -d  d-rk  brown.  As  addition 
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continued  tho  reaction  mixture  boccmo  d°rk-r,  pnd  after  one  and  one— ho If  equivf'- 
lonts  of  phenyllithium  had  been  added  tho  color  had  become  black.  Color  tests 
were  negative  until  4,1  equivalents  of  phenyllithium  hnd  been  added.  After 
three  days,  during  which  tho  reaction  mixture  wee  refluxed  end  stirred,  the 
color  tost  wc s still  positive. 

This  experiment  was  repeated  using  6.5  g*  (0.039  moles)  cf  ferric  chloride. 
After  3*7  oquivolonts  of  phenyllithium  was  added  a color  tost  was  negative, 
but  after  4,2  equivalents  had  been  added,  the  color  tests  wore  positive  during 
a throe  day  poriod  during  which  the  reaction  mixture  was  stirred  and  refluxed. 

A third  experiment  v=s  performed  in  which  3.9  equivalents  of  phenyllithium 
was  added.  A color  tost  was  positive  immediately.  After  a total  of  4.05  moles 
of  phanylli thium  had  been  added,  the  reaction  mixture  was  refluxed  for  an  hour, 
hydrolyzed  on  ice  cold  ammonium  chloride,  and  worked  up  as  usual,  Distillation 
of  the  dried  organic  layer  yielded  9.7  g.  of  crude  biphenyl. 
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V.  DISCUSSION 

In  the  series  cf  experiments  to  determine  the  stoichiometry  of  the  reactions 
between  phenylli thium  and  the  anhydrous  hpllies  of  the  transition  metals,  three 
of  the  seven  compounds  studied  gave  phony 111 thium-hnlide  ratios  which  were  whole 
numbers,  while  the  other  four  gave  fractional  ratios. 

Vanadium  trichloride,  ferric  chloride,  and  manganous  chloride  all  gave 
whole-number  ratios.  In  the  case  of  ferric  chloride  and  manganous  chloride, 
tho  reaction  was  quite  rapid,  and  the  final  ratios  were  arrived  at  in  a few 
nours.  Vanadium  trichlorido  reacted  quite  rapidly  with  the  first  three  equiva- 
lents of  phenylli  thium,  **nd  then  quite  slowly  with  the  fourth. 

Manganous  bromide  roacted  rapidly  with  phenylli thium  to  a point,  and  then 
the  reaction  seemed  to  stop.  Two  experiments  gave  ratios  of  1.75  to  1 Pnd  1*56 
to  1,  and  in  both  coses  these  ratios  were  reached  in  a few  hours,  after  which 
no  change  occurred  for  3 days.  Vanadium  tetrachloride  reacted  rapidly  with  four 
equivalents  of  phenylli thium,  but  then  continued  to  react  further.  Two  exoeri- 
mente  gave  ratios  of  4.59  to  1 and  4,24  to  1 after  4 and  5 days  respectively. 
Ferrous  chloride  behaved  similarly  in  that  it  reacted  quickly  with  2 equivalents 
of  phenylli thium,  and  then  the  reaction  became  quite  slow.  After  4 days  3 equiva- 
lents of  phenylli thium  had  been  used,  end  after  seventeen  deys  tho  ratio  of  phenyl- 
lithium  to  ferrous  chloride  had  gone  beyond  4.7  to  1.  Vanadium  di chloride  reacted 
very  slowly  with  phenylli thium,  with  no  apparent  leveling-cff  point  in  tho  phony 1- 
li thium-halide  ratio  as  the  reaction  progressed.  After  10  days  much  unreoctei 
van=dium  dichloride  could  be  seen  in  the  reaction  mixture  indicating  either  that 
the  reaction  would  proceed  further,  because  all  tho  halide  had  not  been  used,  or 
possibly  that  none  of  the.  original  hal’le  had  been  used,  that  the  halide  was 
acting  simply  aB  a catalyst  in  the  reaction. 

Solubility  of  the  various  halides  in  ether  seemed  to  have  little  effect  on 
the  reactions,  except  in  the  speed  of  the  reaction.  Tho  halides  which  were  in- 
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soluble  In  other  reacted  a little  more  slowly  and  less  vigorously,  but  oven 
among  these  there  were  differences.  Of  the  four  insoluble  halides  studied, 
vanadium  dichloride  was  the  only  one  which  felled  to  roecl  with  phenyliithium 
within  an  hour  in  refluxing  ether. 

The  length  of  time  is  another  factor  determining  the  stoichiometry  of  these 
reactions.  In  these  expert monts , the  reactants  were  allowed  to  stir  and  reflux 
until  it  appeared  that  ro  more  ohenylllthium  would  react.  In  the  case  of  vanadium 
iichloride  and  ferrous  chloride  it  scorned  that  the  reaction  would  continue  as  long 
as  the  reactants  were  in  contact.  If  continued  long  enough,  the  reactions  in- 
volving the  other  halides  might  proceed  further,  but  if  so  they  would  be  very  slew. 

The  yields  of  biphenyl  from  the  reactions  ranged  from  53$  in  the  case  of 

MnBr^  to  91$  for  MnCl^  (see  Table).  If  Gilman  and  Lichtenwalter  (22)  were 

correct  in  their  suggestion  th«t  the  extent  of  couoling  is  a rough  measure 

of  the  thermal  stability  of  an  intermediately  formed  orgenometr-llic  compound, 

then  it  a-ppears  a a if  the  org°nometellic  compound  obtained  with  MnBro  would  be 
the  most  likely  to  be  stable. 

Since  this  series  of  studies  is  not  complete,  it  is  not  very  profitable  to 
attempt,  at  this  time,  to  discuss  the  possible  reasons  for  the  results  above. 

It  is  hoped  that,  if  such  data  can  be  gathered  for  all  the  Ja  transition  elements, 
comparison  of  the  results  may  make  clear  the  reasons  for  some  of  the  differences 
in  behavior. 
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TABLE  I 

REACTION  0?  PHENYLLITKIUM  WITH  ANHYDROUS  HALIDES  OF  31  TRANSITION  ELEMENTS 


r • 

•5 

Halide 

Molar  ratio 
( Phenyl li  thirun- 
hflide) 

Method  used 
to  determine 
ratio 

Contact 
time, 
day  s 

Reflux 

time, 

hours 

Biphenyl  yield  ha 
on  phenyl lithium  ■ 
percent 

f 

| 

vci2 

2.62  - 1 

ti tre  tion 

9 

77 

65 

f 

ft 

1.45  - 1 

titration 

10 

97 

Jn. 

| 

VC13 

3.53  - 1 

titration 

4 

14 

58 

i 

3.98  - 1 

ti tra  tion 

4 

20 

>57 

L 

1 

i 

4.07  - 1 

ti tre tion 

6 

27 

1 

VC14 

4.59  - 1 

ti trr  tion 

4 

21 

6l 

§ 

4.24  - 1 

titration 

5 

39 

FcCl 


I 


A 


? 

f- 

t 

*. 

E 


FeCl- 


t-mCl, 


MnBr. 


ana 

ti tration 


>3.o  - l 

color  test 

4 

23 

>4.7  - i*  <5.6  - l 

color  test 

17 

133 

>1.5  - 1 

color  tost 

1 

4 

82 

>3.7  - 11  <4.2  - 1 

color  test 

4 

35 

>3.7  - It  ^4.15  - 1 

color  test 

5 

35 

>3.9  - 1;  <4.05  -1 

color  test 

2/24 

l 

69 

0.98-1 

color  tost 
and 

titration 

2 

10 

86 

1.00  - 1 

ti tra  tion 

3 

14 

91 

0.28  - 1 

ti tration 

5/24 

* 

76 

1.75  ~ I 

color  test 

3 

7 

.✓  - ■ 

1.56 


titration 


33 


* Experiment  performed  in  ice-salt  hath 
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VI.  SUMMARY 

1.  A survey  of  the  literature  on  the  orgpnometr.llic  chemistry  of  the 
transition  metals  of  the  third  period  is  given. 

2.  A collection  of  literature  data  on  the  anhydrous  halides  of  the 
transition  metals  of  the  third  period  is  given,  and  results  of  our  work  on 
the  preparation  of  these  substances  is  described. 

3.  A study  of  the  stoichiometry  of  the  reaction  between  phenyl'll thiurn 
and  seven  anhydrous  halides  of  transition  metals  is  described. 
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VII.  FUTURE  PROGRAM 


The  program  of  inves ciga.tion  for  the  remainder  of  this  contract  is  p.s  follows: 

(1) .  Continue  the  investigations  of  the  stoichiometry  of  the  reactions  of 
phenylli thium  with  transition  metal  halides,  as  described  above,  and  attempt  tc 
complete  these  studies  for  the  3i\  transition  elements  (with  Sc  a possible  exception! 

(2) .  Investigate  the  behavior  of  halides  of  the  ferrocene  type,  when  treated 
with  orga.noli thium  compounds.  It  se^ms  evident  that  0 project  concerned  with  the 
orfanoir.ecellic  chemistry  of  transition  metals  Bhould  take  notice  of  the  new  develop- 
ments in  the  fiold  of  "sandwich”  compounds.  From  our  point  of  view,  one  of  the 
most  interesting  cases  is  the  ca.se  cf  titanium  because  for  this  element  both  n 
sandwich  compound  (105)  and  a typical  covalent  organometellic  ($6)  have  bean  re- 
ported. It  seems  desirable  to  investigate  this  situation  further,  in  the  hope 

of  producing  evidence  which  will  throw  light  on  the  question  of  the  nature  of 
bonds  which  titanium  can  form  to  various  organic  structures. 
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